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I Objectives

To examine the potential interactions of microbial populations with

pollutants that may be produced as a result of oil and gas development in

Alaskan outer continental shelf regions. Specifically to determine population

levels of microorganisms indigenous to surface waters and sediments in proposed

oil and gas lease areas of the Gulf of Alaska, Cook Inlet, Bering Sea and

Beaufort Sea; to characterize the microbial populations in these Alaskan outer

continental shelf regions with respect to the taxonomic placement of indigenous

bacteria; to characterize the microbial communities with respect to diversity

of bacterial populations; to determine the potential denitrifying activities of

indigenous sediment microorganisms; to determine the potential of water and

sediment microbial populations for biodegrading  petroleum hydrocarbons; and to

examine the weathering of petroleum with respect to the chemical modification

of the oil due to microbial hydrocarbon biodegradation.

11 Introduction

This study was conducted in an effort to characterize microbial

populations and the ability of microorganisms to biodegrade  petroleum

hydrocarbons in proposed Alaskan OCS oil and gas lease areas. The approach has

been to determine the distribution and population levels of several

microbiological groups, e.g. hydrocarbon degraders within a geographic area, to

extensively characterize selected microorganisms using numerical taxonomy to

determine the diversity of the microbial community and an inventory of the

dominant microbial taxa within a given geographic area, to determine the

potential denitrifying activities of microorganisms, and to determine the

biodegradation potentials of indigenous microbial populations for petroleum’ ‘

hydrocarbons. To this end intensive surveys of proposed Alaskan OCS oil and

gas lease areas were conducted. In addition to surveys to determine hydrocarbon
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biodegradation potentials, intensive studies were carried out in the Beaufort

Sea to follow the chemical changes in crude oil as it undergoes biotic

(biodegradation) and abiotic (physical and chemical) weathering in sediment.

III Current State of Knowledge--Review of the Literature
Concerning Hydrocarbon Biodegradation

In 1946, Claude E. ZoBell reviewed the action of microorganisms on

hydrocarbons (ZoBell, 1946). He recognized that many microorganisms have the

ability to utilize hydrocarbons as sole sources of energy and carbon and that

such microorganisms are widely distributed in nature. He further recognized

that the microbial utilization of hydrocarbons was highly dependent on the

chemical nature of the compounds within the petroleum mixture and on

environmental determinants.

Twenty-one years after ZoBell ’s classic review, the supertanker Torrey

Canyon sank in the English Channel. With this incident, the attention of the

scientific community was dramatically fccused on the problems of oil pollution.

After this event, several studies were initiated on the fate of petroleum in

various ecosystems. The expansion of petroleum development into new frontiers,

such as deep offshore waters and ice-dominated Arctic environments, and the

apparently inevitable spillages which occur during routine operations and as a

consequence of acute accidents have maintained a high research interest in this

field.

The chemically and biologically induced changes in the composition of a

polluting petroleum hydrocarbon mixture are known collectively as weathering.

Microbial degradation plays a major role in the weathering process.

Biodegradation of petroleum in natural ecosystems is complex. The evolution of

the hydrocarbon mixture depends on the nature of the oil, on the nature of the



microbial community, and on a variety of environmental

microbial activities.

Attention has been focused on marine environments

factors which influence

since the world’s oceans

are the largest and ultimate receptors of hydrocarbon pollutants. Most

previous reviews concerning the microbiology of petroleum pollutants have been

concerned with the marine environment (Atlas, 1977a; Atlas and Bartha, 1973c;

Atlas and Schofield, 1975; Bartha and Atlas, 1977; Colwell and Walker, 1977;

Crow et al., 1974; Floodgate, 1972a, 1972b, 1973, 1976; Jordan and Payne, 1980;

Karrick, 1977; National Academy of Sciences, 1975; Van der Linden, 1978;

ZoBell, 1946, 1964, 1969, 1973). This review expands the scope to include

consideration of the fate of petroleum hydrocarbons in freshwater and soil

ecosystems. It also discusses several case histories relevant to the role of

microbial degradation in determining the fate of petroleum pollutants from

major oil spills.

CHEMISTRY OF PETROLEUM BIODEGRADATION

Degradation of Individual Hydrocarbons

Petroleum is an extremely complex mixture of hydrocarbons. From the

hundreds of individual components, several classes, based on related

structures, can be recognized. The petroleum mixture can be fractionated

by silica gel chromatography into a saturate or aliphatic  fraction, an

aromatic fraction, and an asphaltic or polar fraction (Brown et al., 1969a).

Several studies have been performed to determine the metabolic pathways for

degradation of these compounds, and there have been a number of reviews on

this subject (Donoghue  et al., 1976; Foster, 1962a, 1962b; Gibson et al.,

1968, 1971; Hopper, 1978; Markovetz, 1971; McKenna and Kallio, 1965;

National Academy of Sciences, 1975; Perry, 1977, 1979; Pirnik, 1977;

Rogoff, 1961; Stirling et al., 1977; Trudgill,  1978; Van der Linden and

Thijsse, 1965).



Hydrocarbons within the saturate fraction include n-alkanes, branched

alkanes, and cycloalkanes (naphthenes). The n-alkanes are generally considered

the most readily degraded components in a petroleum mixture (Davies and Hughes,

1968; Katoret al., 1971; McKenna and Kallio, 1964; Treccani, 1964; ZoBell,.—

1946). Biodegradation of n-alkanes with molecular weights up to~-C44 has

been demonstrated (Haines and Alexander, 1974). The biodegradation of

n-alkanes normally proceeds by a monoterminal attack; usually a primary alcohol—

is formed, followed by an aldehyde and a monocarboxylic acid (Foster, 1962a,

1962b; McKenna and Kallio, 1965; Miller and Johnson, 1966; Ratledge, 1978; Van

der Linden and Thijsse, 1965; Van Eyk and Bartels, 1968; ZoBell, 1950).

Further degradation of the carboxylic acid proceeds by j3-oxidation with the

subsequent formation of two-carbon-unit shorter fatty acids and acetyl coenzyme

A, with eventual liberation of C02. Fatty acids, some of which are toxic, have

been found to accumulate during hydrocarbon biodegradation (Atlas and Bartha,

1973d; King and Perry, 1975). Omega (diterminal)  oxidation also has been

reported (Jurtshuk and Cardini, 1971). Subterminal oxidation sometimes occurs,
.

with formation of a secondary alcohol and subsequent ketone, but this does not

appear to be the primary metabolic pathway utilized by most n_-alkane-uti lizing

microorganisms (Markovetz, 1971). A new pathway recently was elucidated by W.

!?. Finnerty (personal communication), who found that an Acinetobacter  species

can split a hydrocarbon at the number 10 position, forming hydroxy acids. The

initial steps appear to involve terminal attack to form a carboxylic  acid,

subterminal dehydrogenation at the number 10 position to form an unsaturated

acid, and splitting of the carbon chain to form a hydroxy acid and an alcohol.
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Highly branched isoprenoid alkanes, such as pristane,  have been found to

undergo omega oxidation, with formation of dicarboxylic  acids as the major

degradative pathway (McKenna and Kallio, 1971; Pirnik, 1977; Pirnik et al.,——

1974). Methyl branching generally increases the resistance of hydrocarbons to

microbial attack (Fall et al., 1979; McKenna and Kallio, 1964; Pirnik, 1977;.—

Schaeffer et al., 1979). Schaefferet al. (1979}, for example, found that——

terminal branching inhibits biodegradation of hydrocarbons. Methyl branching

at the beta position (anteiso-terminus) blocks ~-oxidation,  requiring an

additional strategy, such as alpha oxidation (Beam and Perry, 1973; Lough,

1973), omega oxidation (Pirnik, 1977), or beta alkyl group removal (Cantwell et.

~. , 1978; Seubert and Fass, 1964).

Cycloalkanes are particularly resistant to microbial attack (Doncghue  et—

fl. , 1976; Ooyama and Foster, 1965; Perry, 1979; Stirling et al., 1977;

Trudgill, 1978). Complex alicyclic compounds, such as hopanes (tripentacyclic

compounds), are among the most persistent components of petroleum spill?ges in

the environment (Atlas et al., 1981). There have been several reports of the.—

direct oxidative and co-oxidative  degradation of both substituted and

unsubstituted cycloalkanes. The microbial metabolism of cyclic hydrocarbons

and related compuonds has been reviewed by Perry (Austin et al., 1977b). Up to

six-membered condensed ring structures have been reported to be subject to

microbial degradation (Cobet and Guard, 1973; Walker et al., 1975a). Several— .

unsubstituted cycloalkanes,  including condensed cycloalkanes,  have been

reported to be substrates for co-oxidation with formation of a ketone or

alcohol (Beam and Perry, 1973, 1974a, 1974b; Perry, 1979). Once oxygenated,

degradation can proceed with ring cleavage. Degradation of substituted

cycloalkanes appears to occur more readily than the degradation of the

unsubstituted  forms, particularly if there is an ~-alkane substituent of
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adequate chain length (Perry, 1979; SoIi, 1973). In such cases, microbial

attack normally occurs first on the substituted portion, leading to an

intermediate product of cyclohexane carboxylic acid or a related compound. A

novel pathway for the degradation of cyclohexane carboxylic acid involves

formation of an aromatic intermediate (Perry, 1979) followed by cleavage of the

aromatic ring structure.

The degradation of aromatic hydrocarbons has been reviewed by Gibson and

others (Cripps  and Watkinson, 1978; Gibson, 1968, 1971, 1976, 1977; Gibson and

Yeh, 1973; Hopper, 1978; Rogoff, 1961). The bacterial degradation of aromatic

compounds normally involves the formation of a diol followed by cleavage and

formation of a diacid such as cis,cis-muconic  acid. In contrast, oxidation of——

aromatic hydrocarbons in eukaryotic organisms has been found to form a

trans-diol. For example, fungi have been shown to oxidize naphthalene  to form

trzns- l,?-dihydroxy-1, 2-dihydronaphthalene (Cerniglia and Gibson, 1977, 1978;

Cerniglia et al., 197Sb; Ferris et al., 1976). The results indicate that only—— ——

one atom of molecular oxygen is incorporated into the aromatic nucleus, as has

been found for mammalian aryl hydrocarbon hydroxylase systems. Cerniglia and

Gibson (1980a, 1980b) and Cerniglia et al. (1978a, 1978b) have investigated the

fungal oxidation of polynuclear  aromatic hydrocarbons. They found evidence for

formation of trans-7,8-dihydroxy-7,8-dihydrobeczo(a)pyrene  by Cunnninghamella

-from the oxidation of benzo(a)pyrene. Cerniglia and Gibson (1979) and

Cerniglia et al. (1980a, 1980b, 1980c) also investigated the metabolism of

naphthalene by cyanobacteria. They found that naphthalene was oxidized in the

light but not in the dark. Scenedesmus strains also were shown to utilize

~-heptadecane in the light (mixotrophic growth), but were unable to utilize

this alkane in the dark (Masters and Zajic, 1971). The major product formed by

Aqme~ellum and Oscillatoria species was l-naphthol (Cerniglia and Gibson,
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1979). These organisms also formed 1,2-dihydroxy-l  ,2-dihydronaphthalene

and 4-hydroxy-l-tetralene (Cerniglia et al., 1980b). These results suggest

that cyanobacteria  have a variety of mechanisms for initiating the oxidation of

naphthalene. The Oscillatoria species also has been found to oxidize biphenyl,

indicating that a wider range of aromatic hydrocarbons are subject to oxidation

by cyanobacteria (Cerniglia  et al., 1980c).——

Light aromatic hydrocarbons are subject to evaporation and to microbial

degradation in a dissolved state (Kappeler and Wuhrmann, 1978a, 1978b).

Extensive methyl substitution can inhibit initial oxidation (Atlas et al.,

1981; Cripps and Watkinson, 1978). Initial enzymatic attack may be on the

alkyl substituent or, alternatively, directly on the ring (Gibson, 1971).

Condensed ring aromatic structures are subject to microbial degradation by a

similar metabolic pathway as monocyclic structures (Cripps and Watkinson, 1978;

Dean-Raymond and Bartha, 1975; Gibson, 1975; ZoBell, 1971); condense ring

aromatic hydrocarbons, however, are relatively resistant to enzymatic attack;

for example, Lee and Ryan (1976) found that biodegradation rates were over

1,000 times higher for naphthalene than for benzopyrenes. Structures with four

or more condensed rings have been shown to be attacked, in some cases, by

co-oxidation or as a result of commensalism  (Barnsley,  1975; Cripps and

Watkinson, 1978; Gibson, 1975; Walker and Colwell, 1974b; Walker et al., 1975d,

1976b) .

The metabolic pathways for the degradation of asphaltic components of

petroleum are probably least well understood. These are complex structures

which are difficult to analyze with current chemical methodology. The

degradation of various sulfur-containing components of petroleum has bee

examined (Hou and Laskin, 1976; Kodama et al., 1970; Nakatani et al., 1968;.—

Walker et al., 1976b; Yamada et al., 1968), but no uniform degradative pathway,
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comparable to the pathways established for aliphatic and aromatic hydrocarbons,

has yet emerged for the asphaltic petroleum components. Advances in

determining degradat.ive pathways for asphaltic petroleum components are

dependent on improved chemical analytical methodology. The elucidation of the

biochemical fate of asphaltic  petroleum compounds is a major challenge for

future research on petroleum biodegradation.

Another important future research need involves determining the importance

in the environment of the various pathways for hydrocarbon biodegradation. It

is clear that various biochemical strategies exist for the microbial

utilization of petroleum hydrocarbons. What remains to be done is to detect

intermediate products in natural environments that receive petroleum

hydrocarbons to determine which pathways are actively used by microbial

populations in natural ecosystems. It is likely, but as yet unproven,

different pathways will be active under different conditions, e.g., at

diff~rent hydrocarbon concentrations.

Degradation of Hydrocarbons Within Petroleum Mixtures

that

The qualitative hydrocarbon content of the petroleum mixture influences

the degradability of individual hydrocarbon components. Walker et al. (1976c)

examined the susceptibility to microbial degradation of hydrocarbons in

weathered crude and fuel oils. They reported far less degradation in a heavy

no. 6 fuel oil (Bunker C oil) than in a light no. 2 fuel oil (heating oil and

diesel fuel) and less degradation in a heavy Kuwait crude oil than in a light

south Louisiana crude oil. They reported major differences in the

susceptibility to degradation of each of the components (identical compounds)

within the context of the different hydrocarbon mixtures of the oils tested.

Mulkins-Phillips and Stewart (1974b) found that ~-alkanes within a

Venezuelan crude oil were degraded less than the same ~-alkanes within an
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Arabian crude oil. Westlake et al. (1978) examined the effect of crude oil

composition on petroleum biodegradation. The ability of mixed microbial

populations to utilize the hydrocarbons in four crude oils as the sole carbon

source was found to depend not only on the composition of the unsaturated

fraction but also on that of the asphaltic fraction. Using an oil which lacked

a normal ~-alkane component, they demonstrated that the aromatic fraction of

oil was capable of sustaining bacterial growth. Horowitz et al. (1975) used

the technique of sequential enrichment to isolate organisms which could utilize

progressive <

compounds.

Severa”

ymore complex (i.e., resistant to microbial degradation)

investigators have examined the potential activities of

hydrocarbon-degrading bacteria by using 14C-radiolabeled hydrocarbons.

Caparello  and LaRock (1975) described an enrichment method for quantifying the

activity of hydrocarbon-oxidizing bacteria in water and sediment that used

F14C]hexadecane. They found that the hydrocarbon-oxidizing potential of.

environmental samples reflects the hydrocarbon burden of the area and the

ability of the indigenous microorganisms to utilize hydrocarbons. Walker and

Colwell (1976c) observed that rates of mineralization were greater for

hexadecane than for naphthalene, which were greater than those for toluene,

which were greater than those for toluene, which were greater than those for

cyclohexane. Greater rates of uptake and mineralization were observed for

bacteria and samples collected from an oil-polluted harbor than for samples

from a relatively unpolluted region. They reported turnover times of 15 and 60

min for the polluted and unpolluted areas , respectively, using [14C]hexadecane.

Roubal and Atlas (1976) found that biodegradation potentials follow the order

hexadecane > naphthalene  >> pristane > benzanthracene. Lee (1977b) found that

alkanes and low-mclecul  ar-weight aromatics (benzene, toluene,  naphthalene, and



methyl naphthalene) were degraded to C02 by microorganisms in river water, but

that higher-molecular-weight aromatics were relatively resistant to microbial

degradation. Herbes and Schwall (1978) found that polyaromatic hydrocarbon

turnover times in petroleum-contaminated sediments increased from 7.1 h for

naphthalene to 400 h for anthracene, 10,000 h for benz(a)anthracene,  and more

than 30,000 h for benz(a)pyrene. Polynuclear aromatic compounds tended to be

only partially, rather than completely, degraded to C02.

Two processes which need be considered in the metabolism of petroleum

hydrocarbons are co-oxidation and sparing. Both processes can occur within the

context of a petroleum spillage. LePetit and Tagger (1976), for example, found

that acetate, an intermediate product in hydrocarbon degradation, reduced the

utilization of hexadecane. A diauxic phenomenon has been reported for the

degradation of pristane, in which pristane was not degraded in the presence of

hexadecane (Pirnik  et al., 1974). The basis for this sparing effect was not.—

defined, and

repression.

Such diauxic

it is not knoh,n whether this is an example of classical catabolite

Similar sparing effects undoubtedly occur for other hydrocarbons.

phenomena do not alter the metabolic pathways of degradation, but

rather determine whether the enzymes necessary for metabolic attack of a

particular hydrocarbon are produced or active. These sparing effects have a

marked influence on the persistence of particular hydrocarbons within a

petroleum mixture and thus on the evolution of the weathered petroleum

hydrocarbon mixture.

The phenomenon of co-oxidation has been referred to se{eral times in this

section. Compounds which otherwise would not be degraded can be enzymatically

attacked within the petroleum mixture due to the abilities of the individual

microorganisms to grow on other hydrocarbons within the oil (Horvath, 1972). A

petroleum hydrocarbon mixture, with its multitude of potential primary
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substrates, provides an excellent chemical environment in which co-oxidation

can occur. Many complex branched and cyclic hydrocarbons undoubtedly are

removed as environmental contaminants after oil spills as a result of

co-oxidation (Perry, 1979; Raymond and Jamison, 1971; Raymond et al., 1967)..—

Jamison et al. (1976) found that the degradation of hydrocarbons within a

high-octane gasoline was not in agreement with the degradation of individual

hydrocarbons by pure cultures. They concluded that co-oxidation played a

major role in the degradation of the hydrocarbon mixture within gasoline.

Horowitz and Atlas (1977a) found, using chromatographic  and mass spectral

analysis, that residual oils recovered after exposure in Arctic coastal

waters contained similar percentages of the individual components in

classes of hydrocarbons regardless of the

that most hydrocarbon components of the o.

rates. This study is in contrast to most

amount of degradation, indicating

1 were being degraded at similar

which show preferential utilization

of n-alkane hydrocarbons. Co-oxidation was hypothesized to be responsible for

the degradation of a number of compounds in the oil to account for the similar

rates of disappearance of compounds which are normally easily degraded and

these which are normally resistant. Herbes and Schwall (1978) also postulated

that co-oxidation led to the accumulation of relatively large amounts of

partially oxidized products of polynuclear aromatic hydrocarbon degradation in

sediments and only limited amounts of C02 production. Assessing the role of

co-oxidation in natural environments is difficult since multiple microbial

populations are present. In the above-mentioned mixed-population studies,

synergism could be an alternative hypothesis to explairi the observed results.

Future studies are needed to clarify the role of co-oxidation in determining

the fate of petroleum hydrocarbons in natural ecosystems.
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An interesting and as yet unexplained, but consistent, process which

occurs during the biodegradation of petroleum hydrocarbons is the enrichment of

compounds within the “unresolved envelope” which is run during gas

chromatographic analysis of petroleum hydrocarbons. This envelope is due to a

mixture of several compounds which are not resolved into individually defined

peaks even by glass capillary gas chromatography. Since these compounds cannot

currently be analytically resolved, they cannot be identified. It has been

hypothesized that, during the biodegradation of petroleum hydrocarbons,

microorganisms are producing (synthesizing) hydrocarbons of different molecular

weights or chemical structures. Walker and Colwell (1976b) found that a wax

was produced during microbial degradation of Altamont crude oil but not during

abiotic weathering of oil. The high-boi ling~-alkanes  in the wax were

associated with microbial degradation of the oil and appeared to be similar to

components of tar balls found in the open ocean. The possible production of

such high-molecular-weight alkanes during petro?eum biodegradation also has

been reported by several other investigators (Pritchard et al., 1976; Seesman

et al., 1976). The biochemical mechanism for formation of such hydrocarbons.—

during petroleum biodegradation is unknown. Sexstone et al. (Sexstone and

Atlas, 1978; Sexstone et al., 1978) found that oil biodegradation in tundra

soils was accompanied by accumulation of polar lipoidal compounds in the soil

co’

so’

et

umn that were not present in fresh oil and were not detected in unoiled

1s; the identities of the compounds, however, were not determined. Jobson

al. (1972) reported an increase in the polar nitrogen-sulfur-oxygen fraction

during oil biodegradation in soil.

The role of microorganisms in producing complex products from hydrocarbon

metabolism which may persist in the environment requires further investigation.

Of particular importance is the possible involvement of microorganisms in the
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formation of tar balls. The synthesis of complex high-molecular-weight

hydrocarbons would suggest that microorganisms can play a role in prolonging

the impact of petroleum pollutants as well as in abating the impact of such

environmental contaminants through biodegradative removal. It is difficult to

separate the importance of photochemical and biochemical processes in the

formation of oxygenated and polymeric compounds in the environment. It is

apparent that the fate of the component hydrocarbons is extremely complicated

and requires further research efforts.

TAXONOMIC RELATIONSH1PS OF HYDROCARBON-UTILIZING MICROORGANISMS

The ability to degrade petroleum hydrocarbons is not restricted to a few

microbial genera; a diverse group of bacteria and fungi have been shown to have

this ability. ZoBell (1946) in his review noted that more than 100 species

representing 30 microbial genera had been shown to be capable of utilizing

hydrocarbons. In a previou: review, Bartha and Atlas (1977) listed 22 genera

of bacteria, 1 algal genus, and 14 genera of fungi which had been demonstrated

to contain members which utilize petroleum hydrocarbons; all of these

microorganisms had been isolated from an aquatic environment. The most

important (based on frequency of isolation) genera of hydrocarbon utilizers in

aquatic environments were Pseudomonas, Achromobacter, Arthrobacter,

Micrococcus, Nocardia, Vibrio, Acinetobacter, Brevibacterium, Corynebacterium,

Flavcbacterium, Candida, Rhodotorula, and Sporobolomyces  (Bartha and Atlas,

1977). Bacteria and yeasts appear to be the prevalent hydrocarbon degraders in

aquatic ecosystems. In polluted freshwater ecosystems, bacteria, yeasts, and

filamentous fungi all appear to be important hydrocarbon degraders (Cooney and

Summers, 1976). Jones and Eddington (1968) found that isolates representing 11

genera of fungi and 6 genera of bacteria were the dominant microbial genera
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responsible for hydrocarbon oxidation in soil samples. They found that fungi

played an important role in the hydrocarbon-oxidizing activities of the soil

samples. Cerniglia and Perry (1973) found that several fungi (Penicillium and

Cunninghamella spp.) exhibited greater hydrocarbon biodegradation than bacteria

(Flavobacterium,  Brevibacterium,  and Arthrobacter spp. ). Recent studies

continue to expand the list of microbial species which have been demonstrated

to be capable of degrading petroleum hydrocarbons. In one such study, Davies

and Westlake (1979) examined 60 fungal isolates for their ability to grow on

n-tetradecane,  toluene, naphthalene,  and seven crude oils of various

compositions. Forty cultures, including 28 soil isolates, could grow on one or

more of the crude oils. The genera most frequently isolated from soils were

those producing abundant small conidia, e.g., Penicillium  and Verticillium  spp.

Oil-degrading strains of Beauveria bassiana, Mortieriella  spp., Phoma spp.,

Scolecobasidium obovatum, and Tolypocladium inflatum also were isolated.

Walker et al. (1975) compared the abilities of bacteria and fungi to

degrade hydrocarbons. The following genera were included in their study:

Candida, Sporobolomyces,  Hansenula, Aureobasidium,  Rhoclotorula, Cladosporium,

Penicilliurr,  Aspergillus,  Pseudomonas, Vibrio, Acinetobacter, Leucothrix,

Nocardia, and Rhizobium. Bacteria and yeasts showed decreasing abilities to

degrade alkanes with increasing chain length. Filamentous fungi did not

exhibit preferential degradation for particular chain lengths. Patterns of

degradation, i.e., which hydrocarbons could be utilized, were similar for

bacteria and fungi, but there was considerable variability among individual

isolates.

Komagata et al. (1964) examined almost 500 yeasts for their ability to

degrad~ hydrocarbons and found 56 that could utilize hydrocarbons, almost all

of which were in the genus Candida. The fermentation industry has considered
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using hydrocarbon-utilizing Candida species for producing single-cell protein.

Ahearn and co-workers (Ahearn et al., 1971; Cook et al., 1973) have examined—— ——

yeasts that can utilize hydrocarbons and have isolated strains of Candida,

Rhodosporidium, Rhodotorula,  Saccharomyces, Sporobolomyces, and Trichosporon,

which are capable of doing so. Cladosporium resinae has been isolated from

soil (Cooney and Walker, 1973; Walker et al., 1973) and has repeatedly been——

found as a contaminant of jet fuels (Bailey and May, 1979; Cooney et al., 1968;

l-till, 1978; Hill and Thomas, 1976). The organism can grow on petroleum

hydrocarbons and creates problems in the aircraft industry by clogging fuel

lines.

Nyns et al. (1968) examined the “taxonomic  value” of the property of fungi

to assimilate hydrocarbons, i.e., whether the ability of fungi to utilize

hydrocarbons was a useful diagnostic test for defining different fungal genera

or species. They found that the ability to utilize hydrocarbons occurred

mainly in two orders, the Mucorales and the Moni’ales. They found that

Aspergillus and Penicillium are rich in hydrocarbon carbon-assimilating

strains. They concluded that the property of assimilating hydrocarbons is

relatively rare and that it is a property of individual strains and not

necessarily a characteristic of particular species or related taxa. Llanos and

Kjoller (1976) examined changes in fungal populations in soil after oil waste

application. They found that oil application favored growth of Graphium and

Paecilomyces. In their study, strains of Graphium, Fusarium, Penicillium,

Paecilomyces, Acremonium, Mortierella Gliocladium, Trichoderma, and

Sphaeropsidales were found to be important groups of soil fungi capable of

utilizing crude oiJ hydrocarbons. In a similar study, Jensen (1975) studied

the bacterial flora of soil after application of oily waste and found that the
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most important species of oil degraders belonged to the genera Arthrobacter and

Pseudomonas.

Cundell and Traxler (1974) studied 15 isolates from an asphaltic flow near

a natural seepage at Cape Simpson, Alaska. The isolates were psychrotrophic

and utilized paraffinic, aromatic, and asphaltic  petroleum components. The

isolates belonged to the bacterial genera Pseudomonas, Brevibacterium,

Spirillum, Xanthomonas, Alcaligenes, and Arthrobacter.  In northwest Atlantic

coastal waters and sediment, Mulkins-Phillips and Stewart (1974a) reported

finding hydrocarbon-utilizing bacteria of the genera Nocardia, Pseudomonas,

Flavobacterium, Vibrio, and Achromobacter.

Walker et al (1976a) isolated Vibrio,

species from oil-contaminated sediment and

Pseudomonas, and Acinetobacter

Pseudomonas and coryneform species

from oil-free sediment. Microorganisms from the oil-free sediment produced

greater quantities of polar compounds (asphaltics) after degradation, whereas

microorganisms from the oil-contaminated sediment provided Ireater degradation

of saturated and aromatic hydrocarbons. Walker et al. (1975) also examined

bacteria from water and sediment for their ability to degrade petroleum. Water

samples contained a greater variety of bacterial species capable of degrading

petroleum than sediment samples. Cultures from both water and sediment

conteined Pseudomonas and Acinetobacter  species. Bacteria present in th~ water

samples yielded significantly greater degradation of two-, three-, four-, and

five-ring cycloalkanes  and mono-, di-, tri-, tetra-, and penta-aromatics

compared with bacteria from sediment samples.

Both temperature and chemical composition of a crude oil have been shown

to have a selective influence on the genera of hydrocarbon utilizers. Cook and

Westlake (1974) isolated Achromobacter, Alcaligenes, Flavobacterium,  and

Cytophaga at 4°C on a substrate of Prudhoe Bay crude oil; Acinetobacter,
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Pseudomonas, and unidentified gram-negative cocci at 4°C on a substrate of

Atkinson Point crude oil; Flavobacterium, Cytophaga, Pseudomonas, and

Xanthomonas at 4°C with Norman Wells crude oil as substrate; and Alcaligenes

and Pseudomonas on Lost Horse crude oil at 4°C. At 30°C, the major genera

isolated on Prudhoe Bay crude oil were Achromobacter,  Arthrobacter,  and

Pseudomonas; on Atkinson Point crude oil, the major genera were Achromobacter,

Alcaligenes, and Xanthomonas; on Norman Wells crude oil, the major genera were

Acinetobacter,  Arthrobacter,  Xanthomonas, and other gram-negative rods; and on

Lost Horse crude oil, they were Achromobacter, Acinetobacter, and Pseudomonas.

Several thermophilic hydrocarbon-utilizing bacteria have been isolated,

including species of Thermomicrobium  and other, yet unidentified genera (Merkel

et al., 1978). 8oth gram-negative and gram-positive thermophilic bacteria have——

been demonstrated to be capable of hydrocarbon utilization. Some isolated

thermophiles  are obligate hydrocarbon utilizers and cannot grow on other carbon

sources. The possible existence of obligate hydrocarbon utilizers is

intriguing but perplexing, since the biochemical degradative  pathways indicate

that hydrocarbon utilizers must also be capable of metabolizing fatty acids and

alcohols.

A large number of

of utilizing petroleum

Pseudomonas species have been isolated which are capable

hydrocarbons. The genetics and enzymology of

hydrocarbon degradation by Pseudomonas species has been extensively studied

(Chakrabarty, 1972; Chakrabarty et al., 1973; Dunn and Gunsalus, 1973; Friello

etal., 1976; Williams, 1978). The genetic information for hydrocarbon——

degradation in these organisms generally has been found to occur on plasmids.

Pseudomonas species have been used for genetic engineering, and the first

successful test case in the United States to determine whether genetically
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engineered microorganisms can be patented involved a hydrocarbon-utilizing

Pseudomonas which was “created” by Chakrabarty (Diamond v. Chakrabarty, 1980).

Numerical taxonomy has been used to examine petroleum degrading bacteria

(Austin et al., 1977a, 1977b). Austin et al. (1977a) examined 99 strains of.—

petroleum-degrading bacteria, isolated from Chesapeake Bay water and sediment,

by numerical taxonomy procedures. Eighty-five percent of the

petroleum-degrading bacteria examined in this study were defined at the 80 to

85% similarity level with 14 phenetic groups. The groups were identified as

actinomycetes  (mycelial forms, four clusters), coryneforms, Enterobacteriaceae,

Klebsiella aerogenes, Micrococcus spp. (two clusters), Nocardia spp. (two

clusters), Pseudomonas spp. (two clusters), and Sphaerotilus  natans. It was

concluded that degradation of petroleum is accomplished by a diverse range of

bacterial taxa. Of particular note was the finding that some enteric bacteria

can utilize petroleum hydrocarbons; the suggestion has been made that some of

these enteric bacteria may have acquired this ability through plasmid transfer.

Some cyanobacteria  and algae have been found to be capable of hydrocarbon

degradation. Walker et al. (1975b) described a hydrocarbon-utilizing

achlorophyllous strain of the alga Prototheca. Cerniqlia et al. (1980?) tested

nine cyanobacteria, five green algae, one red alga, one brown alga, and two

diatoms for their ability to oxidize naphthalene. They found that Oscillatorie

spp., Microcoleus sp., Anabaena spp., Agmenellum sp., Coccochloris  sp., Nostoc

sp., Aphanocapsa sp,, Chlorella  spp., Dunaliella  sp., Chlamydomonas sp., Ulva

sp., Cylindretheca  sp., Amphora sp., Porphyridium  sp., and Petalonia all were

capable of oxidizing naphthalene. Their results indicate

oxidize aromatic hydrocarbons is widely distributed among

algae.

that the ability to

the cyanobacteria  and
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It is now abundantly clear that the ability to utilize hydrocarbons is

widely distributed among diverse microbial populations. Hydrocarbons are

naturally occurring organic compounds, and it is not surprising that

microorganisms have evolved the ability to utilize these compounds.

natural ecosystems are contaminated with petroleum hydrocarbons, the

microbial communities are likely to contain microbial populations of

When

indigenous

differing

taxonomic relationships which are capable of degrading the contaminatirlg

hydrocarbons.

DISTRIBUTION OF HYDROCARBON-UTILIZING MICROORGANISMS

Hydrocarbon-degrading bacteria and fungi are widely distributed in marine,

freshwater, and soil habitats. The literature on actual numbers of hydrocarbon

utilizers is confusing because of methodological differences used to enumerate

petroleum-degrading microorganisms. A number of investigators have used

hydrocarbons incorporated into an agar-based  medium (Atlas and Bartha, 1973a;

Horowitz and Atlas, 1978; Horowitz et al., 1978; Sexstone and Atlas, 1977b;——

Stewart and Marks, 1978). This approach has been criticized (Atlas, 1978b;

Colwell, 1978; Mills et al., 1978; Walker and Colwell, 1976a); in some cases, a— .

high correlation has been found between growth on agar media containing

hydrocarbons as the sole carbon source and the ability to rigorously

demonstrate hydrocarbon utilization of isolates from these media in liquid

culture; in other studies, only a low percentage of isolates from agar-based

media could be demonstrated to be capable of hydrocarbon utilization. The

inclusion of organic contaminants in agar media and the growth of oligotrophic

bacteria probably result in the counting of non-hydrocarbon utilizers in some

cases when plate counts are used for enumerating hydrocarbon utilizers.

The use of silica gel as a solidifying agent has been shown to improve the

reliability of procedures for enumerating hydrocarbon utilizers (Seki, 1976).

183



Walker and Colwell (1976a) reported that a medium containing 0.5% oil and

0.003% phenol red was best for enumerating petroleum-degrading microorganisms.

They also found that addition of Amphotericin B permitted selective isolation

of hydrocarbon-utilizing bacteria and that addition of either streptomycin or

tetracycline permitted selective isolation of yeasts and fungi. Washing the

inoculum to remove contaminating organic compounds did not improve the recovery

of petroleum degraders in this study. These authors specifically recommended

the use of a silica gel-oil medium for enumerating petroleum-degrading

microorganisms; they also suggested that counts of petroleum degraders be

expressed as a percentage of the total population rather than as total numbers

of petroleum degraders per se.

Buckley et al. (1976) characterized the distribution of microorganisms

an estuary relative to ambient hydrocarbon concentrations. Although counts

were performed on non-hydrocarbon-based media, at all but two stations most

the species isolated were able to grow on hydrocarbons, indicating that the

ability to utilize hydrocarbons is widespread, even in environments not

in

of

subjected to high levels of hydrocarbon pollution. Crow et al. (1976) examined

the distribution of hydrocarbon utilizers in surface ocean layers and in the

underlying water column. They found that populations of hydrocarbonoclastic

microorganisms occurred in concentrations 10 to 100 times greater in the

surface layer than at a 10-cm depth.

Mulkins-Phillips  and Stewart (1974a) examined the distribution of

hydrocarbon-utilizing bacteria in northwestern Atlantic waters and coastal

sediments. The fraction of the total heterotrophic bacteria represented by the

hydrocarbon utilizers ranged up to 100%, depending on the area’s previous

history of oil spillage; most values were less than 10%. They found that the

location, numbers, and variety of the microbial hydrocarbon utilizers
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illustrated their ubiquity and that the broad enzymatic capacity for

hydrocarbon degradation indicated the microbial potential for removal

or conversion of oil in the environments examined. The presence of

hydrocarbon-utilizing microorganisms was demonstrated in sediments and

adjacent waters taken from Bermuda, Canadian Northwest Atlantic, and eastern

Canadian Arctic marine shorelines.

Bunch and Harland (1976) found that numbers of hydrocarbon utilizers

occurred in similar concentrations in Arctic and temperate marine samples;

i.e., quantitative differences in the distribution of hydrocarbon utilizers

were relatively unimportant over large geographic distances. Indeed,

hydrocarbon utilizers have been found to be widely distributed even in cold

marine ecosystems (Atlas, 1978a; Cundell and Traxler, 1973, 1976; Robertson et—

al., 1973a, 1973b; Tagger et al., 1976; Walker and Colwell, 1976a).—

Most-probable-number (MPN) procedures have been suggested as a substitute

for plate court procedures for enumerating hydrocarbon-utilizing

microorganisms, since such procedures eliminate the need for a solidifying

?gent and permit direct assessment of the ability to actually utilize

hydrocarbons (Atlas, 1978b; Colwell, 1978). The use of liquid media for MPN

procedures permits removal of trace organic contaminants and allows for the

chemical definition of a medium with a hydrocarbon as the sole source of

carbon. Enumeration methods which incorporate the specificity for counting

only hydrocarbon utilizers and which eliminate the problem of counting

organisms growing on other trace organic contaminants represents a significant

improvement in the accuracy with which numbers of hydrocarbon utilizers can be

determined. Higashihara  et al. (1978) reported that plate counts, using either

agar or silica gel solidifying agents, were unsuitable for enumerating

hydrocarbon-utilizing microorganisms since many marine bacteria grow and
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produce microcolonies  even on small amounts of organic matter. They

recommended the use of an MPN procedure, with hydrocarbons as the source of

carbon and trace amounts of yeast extract for necessary growth factors, for

accurate enumerations of microbial populations which degrade hydrocarbons in

marine environments. Mills et al. (1978) compared several media designed for

use in an MPN determination of petroleum-degrading microorganisms. The best

results, i.e., largest numbers, were obtained with a buffer~d (32 mM phosphate)

liquid medium containing 1% hydrocarbon substrate. In this study, turbidity

was used as the criterion for establishing positive results. Counts of

petroleum degraders obtained with a liquid medium and an MPN procedure are

usually higher than those obtained on silica gel medium with oil added as the

carbon source.

14C-radiolabeled hydrocarbons have been used in MPN procedures for

determining the distribution of hydrocarbon-utilizing microorganisms. Atlas

(197&b) has described a technique that uses [14 C]hexadecane-spi  ked crude oil to

enumerate petroleum-degrading microorganisms. This method uses the conversion

of a radiolabeled hydrocarbon to radiolabeled carbon dioxide for establishing

positive results in the MPN procedure. Placing the radiolabelec! hydrocarbon

within a crude oil mimics the availability of hydrocarbons to the microbial

community, as would occur in an actual oil spill. Lehmicke et al. (1979) used

low concentrations of radiolabeled  hydrocarbons in MPN determinations; in their

studies, the concentrations of radiolabeled hydrocarbons were adjusted to

reflect actual concentrations which might be present in soluble form.

Roubal and Atlas (1978) studied the distribution of hydrocarbon-utilizing

microorganisms in Alaskan Continental Shelf regions, using an MPN procedure

based on the mineralization of 14C-labeled hydrocarbons. They reported that

hydrocarbon utilizers were ubiquitously distributed, with no significant
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overall concentration differences between Arctic and subarctic sampling regions

nor between surface water and sediment samples. There were, however,

significant seasonal differences in numbers of hydrocarbon utilizers. In a

study in a temperate region, Raritan Bay, N.J., Atlas and Bartha (1973a), using

oil-agar  plate enumerations, also found that numbers of hydrocarbon-utilizing

microorganisms were lower during winter than summer. Walker and Colwell

(1976ci)  similarly found seasonal variations in

in Chesapeake Bay.

It is clear from a number of studies that

numbers of hydrocarbon utilizers

the distribution of

hydrocarbon-utilizing microorganisms reflects the historical exposure of the

environment to hydrocarbons. A large number of laboratory studies have

demonstrated sizable increases in populations of hydrocarbon-utilizing

microorganisms when environmental samples are exposed to petroleum hydrocarbons

(Atlas and Bartha, 1972b; Calomiris et al., 1976; Davis, 1956; Kator, 1973;

Perry and Cerniglia, 1973; Pritchard and Starr, 1973; Soli, 1973; Traxler,

1973; ZoBell, 1973).

Mironov (1970) and Mironov and Lebed (1972) found highly elevated

populations of hydrocarbon-utilizing microorganisms in the oil tanker shipping

channels of the Indian Ocean and the Black Sea. Polyaka (1962) found high

numbers of hydrocarbon-oxidizing microorganisms in Neva Bay, U.S.S.R. , in

association with petroleum inputs. ZoBell and Prokop (1966) reported that

numbers of hydrocarbon utilizers in sediment of Baritaria Bay, La., were

correlated with sources of oil pollutants. Similarly, Atlas and Bartha (1973a)

for Raritan Bay and Colwell  et al. (1973) and Walker and Colwell (1975) for

Chesapeake Bay found that distributions of hydrocarbon utilizers correlated

highly with sources of oil pollutants entering the bays. The distribution

of hydrocarbon utilizers within Cook Inlet was also positively correlated with

187



the occurrence of hydrocarbons in the environment (Roubal and Atlas, 1978).

LePetit et al. (1977) reported that bacteria utilizing a gas-oil as the sole

carbon source represented 10% of the heterotrophic bacteria in the area of a

refinery effluent compared with 4% in an area not directly polluted by

hydrocarbons. The degradation potential was highest in areas in chronic

discharge (Taggeret al., 1979)..—

Several studies have shown a rise in populations of hydrocarbon-utilizing

microorganisms after oil spills. Kator and Herwig (1977) found that, within a

few days after spillage of South Louisiana crude oil in a coastal estuary in

Virginia, levels of petroleum-degrading bacteria rose by several orders of

magnitude. The elevated levels of hydrocarbon utilizers were maintained for

over 1 year. Raymond et al. (1976) found significant increases in

hydrocarbon-utilizing microorganisms in soils receiving hydrocarbons; increased

populations were maintained throughout the year. Pinholt et al. (1979)

exanined the microbial changes during oil decomposition in soil. They found an

increase from 60 to 82% in oil-utilizing fungi and an increase from 3 to 50% in

oil-degrading bacteria after a fuel oil spill. Oppenheimer et al. (1977) found

a tendency toward higher ratios of hydrocarbon-utilizing bacteria to total

viable heterotrophs in the active Ekofisk oil field of the North Sea, probably

due to the occurrence of hydrocarbons in the sediments of this region. Gunkel

et al. (1980) confirmed the occurrence of high numbers of hydrocarbon-utilizing

microorganisms in the vicinity of the North Sea oil fields and found a high

correlation between concentrations of hydrocarbons and oil-utilizing bacteria

in the North Sea.

High numbers of fungi have been found in association with the Cape

Simpson, Alaska, oil seeps (Barsdate, 1973). Numbers of filamentous fungi 0.2

m from the edge of the seep were reported to be three times higher than those
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50 m from the seep; bacterial populations in ponds in contact with the Cape

Simpson oil seeps were found to be higher than in unstressed ponds; bacterial

populations in soils adjacent to the asphaltic  sections of the seeps were

higher than those 50 m from the seep.

In experimental field studies in the Arctic, Atlas and co-workers have

found large increases in hydrocarbon-utilizing microorganisms in marine (Atlas,

1978a; Atlas and Busdosh, 1976; Atlas et al., 1978; Atlas and Schofield, 1975;.—

Atlas et al., 1976; Horowitz and Atlas, 1978), freshwater (Atlas et al., 1976;—— ——

Horowitz and Atlas, 1977), and soil (Sexstone and Atlas, 1977b Sexstone et al.,——

1978) ecosystems; concentrations of hydrocarbon-utilizing microorganisms have

been found to rise rapidly and dramatically in response to acute inputs of

petroleum hydrocarbons. Bergstein and Vestal (1978), however, found a lack of

elevated microbial populations in an oil-treated tundra pond unless phosphate

also was added. Horowitz and Atlas (1977b),  using a continuous-flow-through

model system, found large increases and shifts to a high percentage of

hydrocarbon utilizers in Arctic coastal water when nitrogen and phosphorus were

added to oil slicks. Sexstone and Atlas (1977b) found that addition of crude

oil to Arctic tundra soils resulted in large increases in total numbers of

heterotrophs and of oil-utilizing microorganisms. The response of microbial

populations to contaminating oil was found to depend cn soil type and depth.

Increases in microbial populations in subsurface soils parallel downward

migration of the oil (Sexstone and Atlas, 1977a).

Sparrow et al. (1978) found a rise in oil-utilizing bacterial populations

in taiga soils which were experimentally contaminated with hot Prudhoe Bay

crude oil. Studies in the Swan Hills area of north-central Alberta, Canada, by

Cook and Westlake  (1974) showed slightly increased bacterial populations 308

and 433 da.~s after treatment with Swan Hills oil at an application rate of 6.5
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liters/m2. Increases in numbers of bacteria were significantly higher when the

plots were also treated with urea-phosphate fertilizer. Similar results were

obtained at Norman Wells 321 and 416 days after treatment with 6.5 liters of

Norman Wells crude per m2. As with the Swan Hills spill, slight increases in

bacterial numbers occurred when oil alone was added, and significantly higher

increases occurred when fertilizer was also added.

Gunkel (1968a, 1968b) reported that populations of hydrocarbon utilizers

were elevated in sediments affected by the Torrey Canyon spill. Stewart and

Marks (1978) found higher numbers of hydrocarbon utilizers in sediment affected

by the Arrow spill Chedabucto  Bay, Nova Scotia; 5 years after the spill, only a

few site examined had significant concentrations of residual petroleum and

elevated counts of hydrocarbon utilizers. Significantly elevated numbers of

hydrocarbon utilizers (several orders of magnitude above normal) were found

after the Amoco Cadiz spill in Brittany (Atlas and Bronner, 1980) and the

XTOC-I well blowout in the Bay of

1980b) . In the case of the Amoco

utilizers in intertidal sediments

hydrocarbon contamination; during

hydrocarbon utilizers returned at

disappeared due to biodegradative

Campeche,  Gulf of Mexico (Atlas ~t al.,.-—

Cadiz spill, the” numbers of hydrocarbon

were positively correlated with the degree of

recovery after the spillage, the numbers of

most sites to background levels as the oil

removal. Counts of hydrocarbon utilizers

associated with an oil-in-water emulsion (mousse) from the XTOC-I well blowout

were three to five orders of magnitude higher than in surface water samples not

contaminated with oil (Atlas et al., 1980b). In the sediment of an Arctic lake——

that had been contaminated with a leaded refined gasoline, populations of

hydrocarbon-utilizing microorganisms were found to be significantly elevated

within a few hours of the spill (Horowitz and Atlas, 1977b) through 1 year

after the spill (Horowitz and Atlas, 1978). This degree of elevation in
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numbers of microbial hydrocarbon utilizers correspond with the degree

contamination.

In general, population levels of hydrocarbon utilizers and their

of

proportions within the microbial community appear to be a sensitive index of

environmental exposure to hydrocarbons. In unpolluted ecosystems, hydrocarbon

utilizers generally constitute less than 0.1% of the microbial community; in

oil-polluted ecosystems, they can constitute up to 100% of the viable

microorganisms. The degree of elevation above unpolluted compared reference

sites appears to quantitatively reflect the degree or extent of exposure of

that ecosystem to hydrocarbon contaminants.

ENVIRONPiENTAL  FACTORS INFLUENCING BIODEGRADATION OF PETROLEUN HYDROCARBOf~S

The fate of petroleum hydrocarbons in the environment is largely

determined by abiotic factors which influence the weathering, including

biodegradation of the oil. Factors which influence rates of microbial growth

and enzymatic activities affect the rates of p[troleum  hydrocarbon

biodegradation. The persistence of petroleum pollutants depends on the

quantity and quality of the hydrocarbon mixture and on the properties of the

affected ecosystem. In one environment petroleum hydrocarbons can persist

indefinitely, whereas under another set of conditions the same hydrocarbons can

be completely biodegraded within a relatively few hours or days.

Physical State of Oil Pollutants

The physical state of petroleum hydrocarbons has a marked effect on their

biodegradation. At very low concentrations hydrocarbons are soluble in water,

but most oil spill incidents release petroleum

far in excess of the volubility limits (Boylan

1973; Harrison et al., 1975; McAuliffe,  1966).

hydrocarbons in concentrations

and Tripp, 1971; Frankenfeld,

The degree of spreading

determines in part the surface area of oil available for microbial colonization
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by hydrocarbon-degrading microorganisms”; in aquatic systems, the oil normally

spreads, forming a thin slick (Berridge  et al., 1968a). The degree of——

spreading is reduced at low temperatures because of the viscosity of the oil.

In soils, petroleum hydrocarbons are absorbed by plant matter and soil

particles, limiting its spreading.

Wodzinsky and LaRocca (1977) found that liquid aromatic hydrocarbons were

utilized by bacteria at the water-hydrocarbon interface but that solid aromatic

hydrocarbons were not metabolized. At 30DC diphenylmethane is a liquid and

could be degraded, but at 20”C the solid form of diphenylmethane could not be

utilized by a Pseudomonas sp. They also found that naphthalene could not be

utilized in the solid form but could be utilized if dissolved in a liquid

hydrocarbon. Atlas (unpublished data) similarly found that hexadecane

supported only marginal bacterial growth at 5°C when the compound was in the

solid form, but if hexadecane was dissolved in another liquid hydrocarbon or

crude oil, extensive degradation of the liquid hexadecane occurred at 5°C. The

role of temperature in determining the physical state of a hydrocarbon and the

influence of the physical state on rates of microbial hydrocarbon degradation

are apparent in these studies.

Hydrocarbon-degrading microorganisms act mainly at the oil-water

interface. Hydrocarbon-degrading microorganisms can be observed growing over

the entire surface of an oil droplet; growth does not appear to occur within

oil droplets in the absence of entrained water. Availability of increased

surface area should accelerate biodegradation (Gatellier,  1971; Gatellier et—

al., 1973). Not only is the oil made more readily available to microorganisms,—

but movement of emulsion droplets through a water column makes oxygen and

nutrients more readily available to microorganisms.



In aquatic ecosystems, oil normally forms emulsions. This has been termed

“pseudosolubilization”  of the oil (Gutnick and Rosenberg, 1977). The

water-in-oil emulsion which occurs in seawater after oil spills is referred to

as “chocolate mousse” or simply “mousse.” The$rocesses involved in the

formation of mousse have been examined by a number of investigators (Berridge

etal., 1968b; Burwood and Speers, 1974; Dean, 1968). Mousse is chemically and

physically heterogeneous. Photooxidation (Burwood and Speers, 1974) and

microbial oxidation (Berridge et al., 1968b) have been reported to play a role——

in mousse formation under different environmental conditions; both abiotic and

microbial processes appear to be capable of initiating mousse formation under

appr~priate environmental conditions; both abiotic and microbial processes

appear to be capable of initiating mousse formation under appropriate

environmental conditions. In some cases, a fine emulsion is formed with small

droplets of mousse. In these cases, the hydrocarbons in the mousse probably

are more susceptible to microbial degradation, and their fate is similar to

that of “dissolved” hydrocarbons. Mousse can also refer to large accumulations

of emulsified oil in “globs” up to 1 m in diameter. Such large “mousse plates”

have limited surface areas, and hydrocarbons internal to the mousse may be

spared from microbial degradation. Davis and Gibbs (1575) found that large

accumulations of “mousse” weathered extremely slowly with no net loss of

hydrocarbons over 2 years. Atlas et al. (1980b)

hydrocarbons released into the Gulf of Mexico by

in part by the physical properties of the mousse

proposed that degradation of

the XTOC-I blowout was limited

accumulations. Colwell et al.

(1978) postulated that degradation of oil from the Metula spill was restricted

by the formation of tar balls and aggregates of oil which restricted accessi-

bility of the hydrocarbons  to microorganisms. Microbial degradation was
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ineffective when oil was deposited on the beach and subsequently buried or when

the oil formed asphalt layers or tar balls.

Dispersants have been used ~ treat oil spills. In some cases the use of

toxic dispersants probably has resulted in greater ecological impact than the

oil spill itself; such was the case in the Torrey Canyon incident (Cowell,

1971; Smith, 1968). Some dispersants may contain chemicals which are

inhibitory to microorganisms. Without toxicity, however, dispersion can

enhance petroleum biodegradation. Mulkins-Phillips and Stewart (1974c) found

that some dispersants enhanced fl-alkane degradation in crude oil, but that

other dispersants had no effect. Gatellier et al. (1971, 1973) and Robichaux

and Myrick (1972) likewise found that some dispersants inhibited

hydrocarbon-oxidizing

hydrocarbon-degrading

dispersants  and found

populations, whereas others enhanced

microorganisms. Atlas and Bartha (1973b) tested several

that all increased the rate but not the extent of

hydrocarbon mineralization.

A number of hydrocarbon-degrading microorganisms produce emulsifying

agents (Abbott and Gledhill, 1971; Guire et al., 1973; Reisfeld et al., 1972;

ZoBell, 1946). Some of these bioemulsifiers have been considered for use in

cleaning oil storage tanks, such as on supertankers (Gutnick and Rosenber,

1977). Reisfeld et al. (1972) have studied an Arthrobacter strain which

extensively

(1974) heve

Pseudomonas

to be fatty

polymers are the active emulsifying agents. Although the production of

emulsifying agents should increase the susceptibility of hydrocarbons in an oil

to microbial degradation, microbial strains which effectively emulsify oil

emulsifies oil when growing on hydrocarbons. Zajic and co-workers

characterized the the emulsifying agents produced by strains of

and Corynebacterium. In some cases, the emulsifying agents appear

acids or derivatives of fatty acids; in other cases, more complex
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often do not extensively degrade the hydrocarbons in the oil. It is not clear

yet why extensive emulsification does not permit greater hydrocarbon

degradation by these organisms.

After extensive weathering, petroleum hydrocarbons often occur in the

environment as tar balls. Hydrocarbons in tar are quite resistant to microbial

degradation. Many of the hydrocarbons in tar have chemical structures which

are not readily attacked by microbial enzymes. The surface area-to-volume

ratio of a tar ball is not favorable for microbial growth on this insoluble

substrate. Tar balls often accumulate on beaches where microbial activities

are limited by available water, which is needed to support microbial growth and

enzymatic hydrocarbon-degrading activities.

From the point of view of microbial hydrocarbon degradation, dissolution

and emulsification of hydrocarbons appear to have a positive effect on

degradation rates. If there are no adverse toxic effects, dispersion of oil

should accelerate microbial hydrocarbon degradation. This is an important

consideration when determining whether dispersants should be added to oil

spills. Increased toxicity must remain, however, a major concern when

considering the use of such chemical dispersants.

Temperature

Hydrocarbon biodegradation can occur over a wide range of temperatures,

and psychrotrophic, mesophilic, and thermophilic hydorcarbon-util izing

microorganisms have been isolated. ZoBell (1973) and Traxler (1973) reported

on hydrocarbon degradation at below O“C; Klug and Markovetz (1967a, 1967b) and

Mateles et al. (1967) reported on hydrocarbon degradation at 70”C.

Temperature can have a marked effect on the rates of hydrocarbon

degradation. The effects of temperature on the physical state of hydrocarbons

was discussed in the previous section. ZoBell (1969) found that hydrocarbon
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degradation was over an order of magnitude faster at 25°C than at 5“C. Very

low rates of hydrocarbon utilization were found by Gunkel (1967) at low water

temperatures. Ludzack and Kinkead (1956) found that motor oil was rapidly

oxidized at 20”C but not at 5“C. Mulkins-Phillips and Stewart (1974b) found

that, 9 months after the spillage of Bunker C fuel oil into Chedabucto Bay, the

bacterial populations isolated from contaminated areas showed rates of

degradation at 5°C that were 21 to 70% less during 14 days of incubation than

during 7 days at 10”C.

There are seasonal shifts in the composition of the microbial community

which can be reflected in the rates of hydrocarbofi metabolism at a given

temperature. Atlas and Bartha (1973a) found that higher numbers of hydrocarbon

utilizers capable of growth at 5°C were present in Raritan Bay, N,J., during

winter than during other seasons. Rates of hydrocarbon mineralization measured

at 5°C were significantly higher in water samples collected in winter than in

s’Jmmer. The evidence suggests a seasonal shift to a microbial community

cap?ble of low-temperature hydrocarbon degradation.

Gibbs and Davis (1976) studied the degradation of oil in beach gravel at

temperatures from 6 to 26”C. They found a~10 (6 to 16”C) of3.3 and a~10 (11

to 21°C) of 2.05. The average~lo  values of 2.7 was the same as the value

found in other studies, by Gibbs et al. (1975), on the effects of temperature

on the degradation of oil in seawater. Atlas and Bartha (1972a) found a~lo of

approximately 4, using seawater over a temperature range of 5 tG 20”C.

Atlas and Bartha (1972a) found that the effects of temperature differ,

depending on the hydrocarbon composition of a petroleum mixture. Low

temperatures retard the rates of volatilization of low-molecular-weight

hydrocarbons, some of which are toxic to microorganisms. The presence of such

toxic components was found to delay the onset of oil biodegradation at low
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temperatures (Atals and Bartha, 1972a). In a subsequent study, Atlas (1975)

examined the biodegradability of seven different crude oils and found

biodegradation to be highly dependent on the composition and on incubation

temperature. At 20”C, lighter oils had greater abiotic losses and were more

susceptible to biodegradation than heavier oils; rates of oil mineralization

for the heavier oils were significantly lower at 20*C than for the lighter

ones. The light crude oils, however, had toxic volatile components which

evaporated only slowly, inhibiting microbial degradation of these oils at 10°C.

A significant lag phase before the onset of hydrocarbon biodegradation was

found for the lighter oils. No toxic volatile fractions were subject to

biodegradation. Some preference was shown for paraffin degradation, especially

at low temperatures. Horowitz a~d Atlas (1977a) found that during summer, in

Arctic surface waters, different structural classes of hydrocarbons were

degraded at similar rates. They postulated that at low temperatures

cometabolisn played an important role in determining the rates of disappearance

of hydrocarbons in the mixture.

Walker and Colwell (1974a), using a model petroleum iocubated  with

estuarine water collected during winter, found that slower but more extensive

biodegradation occurred at O“C than at higher temperatures. Decreased toxicity

of hydrocarbons at lower temperatures was hypothesized to explain the more

extensive growth at the lower temperature.

Ward and Brock (1976) studied the influence of environmental factors on

the rates of hydrocarbon oxidation in temperate lakes. Rates of hydrocarbon

oxidation were assessed by using the conversion of 14 C-radiolabeled  hexadecane

to 14 CC2 . They found that a lag phase preceded hydrocarbon oxidation and that

the length of the lag phase depended on population density or on factors

influencing growth rate. Hydrocarbon oxidation was coincident with growth and
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was presumed to occur only under conditions of development of indigenous

hydrocarbon-degrading microorganisms. They found that hydrocarbon-degrading

microorganisms persisted during the year, but that there were seasonal

variations in the rates of hydrocarbon oxidation, Rates of petroleum

hydrocarbon biodegradation were correlated with temperature. During winter,

spring, and fall, temperature was a major limiting factor. Dibble and Bartha

(1979c) found that the rates of disappearance of hydrocarbons from an

oil-contamination field in New Jersey showed a definite correlation with mean

monthly temperature.

Arhelger et al. (1977) compared Arctic and subarctic hydrocarbon

biodegradation. In situ [14C]dodecane oxidation rates based on 14C02

production were: Port Valdez, 0.7 g/liter per day; Chuckchi Sea, 0.5 giliter

per day; and Arctic Ocean, 0.001 g/liter per day. This study indicates that

rates of hydrocarbon degradation show a definite climatic shift and are lower

in the Arctic Ocean than in more southerly Alaskan regions.

Atlas et al. (1977b, 1978) examined the degradation of Prudhoe Bay crude

oil in Arctic marine ice, water, and sediment ecosystems. Petroleum

hydrocarbons were degraded slowly. They found that ice greatly restricted

losses of light hydrocarbons and that biodegradation of oil on the surface of

ice or under sea ice was negligible. They concluded that petroleum

hydrocarbons will remain in cold Arctic ecosystems for long periods of time

after oil contamination. In these studies, however, temperature was not

specifically elucidated as a major factor limiting hydrocarbon degradation,

except as it related to the occurrence of ice.

Colwell et al. (1978) reported greater degradation of Metula crude oil at

3°C than at 22°C with mixed microbial cultures in beach sand samples; when 0.1%

oil was added, 48% of the added hydrocarbons were degraded at an incubation
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temperature of 3°C, compared with only 21% degraded at 22°C with cultures

adapted at the same temperatures as the incubation temperature. They found

that under in situ conditions oil degradation proceeded slowly, but concluded

that temperature does not seem to be the limiting factor for petroleum

degradation in the Antarctic marine ecosystem affected by the Metula spill.

A number of studies have been conducted on the fate of oil in cold Arctic

soils. Sexstone and colleagues (Sexstone and Atlas, 1978; Sexstone et al.,

1978a, 1978b) have reported very long persistence times for oil in tundra

soils. It appears that degradation of hydrocarbons ceases during winter when

tundra soils are frozen. Westlake and colleagues (Cook and Westlake, 1974;

Jobson et al., 1972; Mestlake et al., 1978) found that the microbial——

populations in northern soils were able to degrade hydrocarbons at the ambient

temperatures found during the warmer seasons. Several aspects of these studies

were discussed earlier in this review.

It is apparent that the influence of temperature on hydrocarbon

degradation is more complex than simple consideration of~10 values. The

effects of temperature are interactive with other factors, such as the quality

of the hydrocarbon mixture and the composition of the microbial community.

Hydrocarbon biodegradation can occur at the low temperatures (<5CC) that

characterize most of the ecosystems which are likely to be contaminated by oil

spills. Temperature often is not the major limiting factor for hydrocarbon

degradation in the environment except as it relates to other factors such as

the physical state of the oil or whether liquid water is available for

microbial growth. Concern must be expressed, however, regarding the rates of

microbial oil degradation in Arctic and subarctic regions. These are areas of

new petroleum development and the data gathered to date suggest that rates of
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microbial degradation in these cold ecosystems may not be adequate to rapidly

remove hydrocarbon contaminants.

Nutrients

There is some confusion and considerable apparent conflict in the

literature regarding the limitation of petroleum biodegradation by available

concentrations of nitrogen and phosphorus in seawater. Several investigators

(Atlas and Bartha, 1972c; Bartha and Atlas, 1973; Floodgate, 1973, 1979;

Gunkel, 1967; Lehtomake and Barthelemy, 1968; LePetit and N’Guyen, 1976) have

reported that concentrations of available nitrogen and phosphorus in seawater

are severely limiting to microbial hydrocarbon degradation. Other

investigators (Kinney et al., 1969), however, have reached the opposite

conclusion, i.e., that nitrogen and phosphorus are not limiting in seawater.

The difference in results is paradoxical and appears to be based on whether the

studies are aimed at assessing the biodegradation of hydrocarbons within an oil

slick or the biodegradation of soluble hydriicarbons. When considering an oil

slick, there is a mass of carbon available for microbial growth within a

limited area. Since microorganisms require nitrogen and phosphorus for

incorporation into biomass,

area as the hydrocarbons is

seas, but in many cases the

diffusion to the oil slick.

the availability of these nutrients within the same

critical. Extensive mixing can occur in turbulent

supply of nitrogen and phosphorus is dependent on

Rates of diffusion may be inadequate to supply

sufficient nitrogen and phosphorus to establish optimal C/N and C/P ratios for

microbial growth and metabolism. Researchers examining the fate of large oil

spills have thus properly concluded in many cases that concentrations of N and

P are limiting with respect to rates of hydrocarbon biodegradation. when

considering soluble hydrocarbons, nitrogen and phosphorus are probably not

limiting since the volubility of the hydrocarbons is so low asto preclude
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establishment of an unfavorable C/N or C/P ratio. Investigators considering

the fate of low-level discharges of hydrocarbons (soluble hydrocarbons) have,

thus, properly concluded that available nutrient concentrations are adequate to

support hydrocarbon biodegradation.

Floodgate (1973), in considering

biodegradation of hydrocarbons in the

the limitations of nutrients to

sea, proposed the concept of determining

the “nitrogen demand,” analogous to the concept of biochemical oxygen demand.

Based on Kuwait crude oil at 14”C, the nitrogen demand was found to be 4 nmol

of nitrogen per ng of oil. Bridie and Bos (1971) found that addition of 3.2 mg

of ammonium nitrogen and 0.6 mg of phosphate permitted maximal rates of

degradation of Kuwait crude in seawater at a concentration of 70 mg of oil per

liter. Atlas and Bartha (1972c) found that concentrations of 1 mg of nitrogen

and 0.07 mg of phosphorus per liter supported maximal degradation of Sweden

crude oil in New Jersey coastal seawater at a concentration of 8 g of oil per

liter. Reisfeld et al. (1972) reported optimal concen’:rations  of nitrogen and

phosphorus of 11 and 2 mg per liter for biodegradation of 1 g of Iranian crude

oil per liter in Mediterranean seawater.

Colwell et al. (1978) concluded that Metula oil is degraded slowly in the

merine environment, most probably because of limitations imposed by the

relatively low concentrations of nitrogen and phosphorus available in seawater.

Ward and Brock (1976) reported that although temperature was the main

limiting factor much of the year, during summer nutrient deficiencies limited

oil biodegradation in temperate lakes. Higher rates of oil biodegradation

could be obtained by addition of nitrogen and phosphorus. High rates of

hydrocarbon degradation were found only during 1 month of the year when

temperature and nutrient supplies were optimal. They concluded that

—
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environmental factors limited hydrocarbon-utilizing microorganisms within the

indigenous microbial community was not a limiting factor.

LePetit and N’Guyer (1976) found that the artificial stimulation of

bacterial hydrocarbon degradation requires the addition of phosphorus to

seawater. They reported optimal concentrations of phosphorus to support

hydrocarbon degradation of between 20 X 10-4 and 8 X 10-4 M for seawater and

between 1.5 X 10-3 and 3 X 10-3 M for coastal waters receiving a significant

supply of fresh water. Inhibition of bacterial development was observed with

higher phosphate concentrations. Gibbs (1975) calculated that 1 m3 of Irish

Sea water provides sufficient nitrogen to degrade 30 g of oil per year at

summer temperatures and 11 g of oil per year at winter temperatures.

Bergstein and Vestal (1978) studied the biodegradation of crude oil in

Arctic turldra ponds. They concluded that oleophilic fertilizer may provide a

useful tool to enhance the biodegradation of crude oil spilled on such

oligotrophic waters. Witho-~t addition of nitrogen and phosphorus, hydrocarbon

biodegradation was limited. Atlas and Bartha (1973e) described an oleophilic

nitrogen and phosphorus fertilizer which could overcome limitations of nitrogen

and phosphorus in seawater and stimulate petroleum biodegradation in seawater.

The fertilizer consisting of paraffinized urea and octylphosphate supported

degradation of oil in seawater. Optimal C/N and C/P ratios were 10:1 and

100:1, respectively. In conjunction with the U.S. Office of Naval Research,

they obtained a patent for use of fertilizers for stimulating oil degradation

in seawater (Bartha and Atlas, 1976).

Olivieri et al. (1976) described a slow-release fertilizer containing

paraffin-supported magnesium ammonium phosphate as the active ingredient for

stimulating petroleum biodegradation. They reported that the biodegradation of

Sarir crude oil in seawater was considerably enhanced by addition of the
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paraffin-supported fertilizer. After 21 days, 63% of the oil had disappeared

when fertilizer was added compared with 40% in a control area. Kator et al.

(1972) suggested the use of paraffinized  ammonium and phosphate salts for

enhancing oil biodegradation in seawater. Raymond et al. (1976) were able to

stimulate the microbial degradation of hydrocarbons in contaminated groundwater

by procedures which included the addition of nitrogen and phosphorus nutrients.

Dibble and Bartha (1976) examined the effect of iron on the biodegradation

of petroleum in seawater. Biodegradation of south Louisiana crude oil and the

effects of nitrogen, phosphorus, and iron supplements on this process were

compared in polluted and relatively clean littoral seawater collected along the

New Jersey coast. Without supplements, the biodegradation of south Louisiana

crude oil was negligible in both seawater samples. Addition of nitrogen and

phosphorus allowed very rapid biodegradation; up to 73% of the oil was degraded

with 3 days in polluted seawater. Total iron in the seawater sample was high

(5.2 mM) , and the addition of iron did not increase biodegradation rates. In

less polluted and less iron-rich (1.2 mM Fe) seawater samples, biodegradation

of south Louisiana crude oil was considerably slower (21% in 3 days), and

addition of chelated iron had a stimulating effect. Ferric octoate was shown

to have a stimulating effect on south Louisiana crude oil biodegradation,

similar to that of chelated iron. Ferric octoate in combination with

paraffinized urea and octylphosphate is suitable for treatment of floating oil

slicks. The authors concluded that spills of south Louisiana crude oil and

similar oils can be cleaned up rapidly and efficiently by stimulated

biodegradation, provided that water temperatures are favorable.

Dibble and Bartha (1979a) examined the effect of environmental factors on

the biodegradation of oil sludge. They conducted a laboratory study aimed at

evaluating and optimizing the environmental factors of land farming, i.e.,
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disposal by biodegradation in soil of oily sludges generated in the refining of

crude oil. They found that oil sludge biodegradation was optimal at a soil

water-holding capacity of 30 to 90%, a pH of 7.5 to 7.8, a C/N ratio of 60:1,

and a C/P ratio of 800:1. Optimal temperatures were 20”C or above. They

reported that an application rate of 5% (by weight) oil sludge hydrocarbon to

soil , i.e., 100,000 liters/hectare, gave a good compromise between high

biodegradation rates and efficient land use and resulted in the best overall

biodegradation rate of oil hydrocarbon classes. Frequent small applications

resulted in higher biodegradation rates than single large applications.

Fedorak and Westlake (personal communication) found that, without added

nutrients, aromatic hydrocarbons were more readily attacked than saturated

hydrocarbofis by soil and marine microbes; addition of nitrogen and phosphorus

nutrients stimulated degradation of saturated hydrocarbons more than of

aromatic hydrocarbons.

Westlake  et al. (1978) examined the in situ degradation of oil in a soil

of the boreal region of the northwest territories of Canada. Where fertilizer

containing nitrogen and phosphorus was applied to the oil, there was a rapid

increase in bacterial numbers, but no increase in fungal propagules. This was

followed by a rapid disappearance of fl-alkanes and isoprenoids and a continuous

loss of weight of saturated compounds in the recovered oil. The seeding of oil

slick plots with oil-degrading bacteria had no effect on the composition of the

recovered oil. Jobson et al. (1974) similarly found that nitrogen and

phosphorus addition stimulated hydrocarbon degradation in oil applied to soil

but that seeding did not stimulate degradation. Hunt et al. (1973) found that

fertilizer application to subarctic soils enhanced microbial hydrocarbon

degradation. They found, however, in laboratory tests that nitrogen addition

caused an initial negative response in microbial activity which was followed by
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enhanced biodegradation; microbial activity also responded positively to

phosphorus addition.

Raymond et al. (1976) studied oil biodegradation in soil. Greater oil

degradation was found in soils receiving fertilizer application and rototilling

than in untreated soils. They did not find any leaching of hydrocarbons into

groundwater. Dibble and Bartha (1979b) studied the leaching aspect of oil

sludge biodegradation in soil. They added fertilizer to oil sludges in soils

and examined the leachate for phosphate and undegraded hydrocarbons. There was

a modest increase in total organic carbon in the leachate, presumably due to

hydrocarbon biodegradation, but no undegraded hydrocarbons or phosphorus was

recovered in the leachate. The results support the concept that oil sludge

application to soil can be used for biodegradation removal of these materials.

The above studies indicate that the available concentrations of nitrogen

and phosphorus severely limit the extent of hydrocarbon degradation after most

major oil spills. Rates of nutrient replenishment generally are inadequate to

support rapid biodegradation of large quantities of oil. The addition of

nitrogen- and phosphorus-containing fertilizers can be used to stimulate

microbial hydrocarbon degradation.

m

As with nutrients, there has been controversy over whether oxygen is

absolutely required for hydrocarbon biodegradation or whether hydrocarbons are

subject to anaerobic degradation. The current evidence supports the view that

anaerobic degradation by microorganisms at best proceeds at negligible rates in

nature (Bailey et al., 1973; Ward et al., 1980). The existence of.—

microorganisms which are capable of anaerobic hydrocarbon metabolism has not,

however, been exe”

microorganisms wh

uded. In fact, there have been several reports of isolated

ch are capable of alkane dehydrogenation (Chouteau  and $enez,
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1962; Iizuka et al., 1969; Parekh et al., 1977; Senez and Azoulay, 1961;

Traxler and Bernard, 1969) under anaerobic conditions. These organisms have an

enzymatic mechanism which should permit addition of water across the double

bond, forming a secondary alcohol, and therefore permit anaerobic growth.

Although there have been preliminary reports (Traxler and Bernard, 1969) on the

ability of isolated organisms to grow on fl-alkanes anaerobically, these

findings generally have not been adequately repeated upon further testing (R.

W. Traxler, personal communication). In the case of the Pseudomonas strain

studied by Senez and Azoulay (1961), the organisms consumed oxygen when growing

on heptane even though it had an fl=heptane dehydrogenase enzyme.

There have been few reports on the anaerobic degradation of hydrocarbons

in natural ecosystems (Bailey et al., 1973; Brown et al., 1969a, 1969b; Pierce——

etale, 1975; ZoBell and Prokop, 1966). These reports suggested that nitrate

or sulfate could serve as an alternate electron acceptor during anaerobic

respiration using hydrocarbon substrates. This mechanism has not been

biochemically confirmed for hydrocarbon utilization in pure cultures, and the

criteria used for assessing anaerobic hydrocarbon degradation in the

above-mentioned studies generally were inadequate to establish definite

results; either there was a lack of exhaustive evidence for the complete

exclusion of oxygen or there was a lack of chemical evidence needed to

establish that hydrocarbons were in fact degraded. In the study by Shelton and

Hunter (1975), there was an 11% decrease in hexane-extractable material under

anaerobic conditions compared with only 4% under aerobic conditions in oiled

sediments during 30 weeks of incubation. They concluded, however, that the

rapid loss of aliphatic hydrocarbons under anaerobic conditions could not be

accounted for by microbial degradation.
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Hambrick et al. (1980) found that, at pH values between 5 and 8,

mineralization of hydrocarbons in estuarine sediments was highly dependent on

oxygen availability. Rates of hydrocarbon degradation decreased with

decreasing oxygen reduction potential , i.e., with increasing anaerobiosis.

They concluded that hydrocarbons would persist in reduced sediments for longer

periods of time than would hydrocarbon contaminants in aerated surface layers.

Some mineralization of alkanes (about 10 to 20%) was reported during 35 days of

incubation under anaerobic conditions, but mineralization of naphthalene  was

insignificant (about 0.4% under these incubation conditions). Naphthalene

mineralization increased from

gradually increased from -220

incubation period (Delaune et—

0.6 to 22.6% when the redox potential was

mV to +130 mV over an additional 35-day

al., 1980). Ward and Brock (1978a) similarly—

found that hexadecane was rapidly mineralized in freshwater lake sediments

under aerobic conditions but that almost no hydrocarbon mineralization occurred

under anaerobic conditions. Addition of nitrate and sulfate, in this study,

failed to increase hydrocarbon mineralization under anaerobic conditions.

In a recent study, Ward et al. (1980) compared rate of hydrocarbon

oxidation in sediments affected by the Amoco Cadiz spillage under aerobic and

anaerobic conditions. With 14C-labeled hydrocarbons, 14 C02 production from

heptadecane and toluene, but not from hexadecane, was found during anaerobic

incubation. Methanogenesis could be demonstrated in these tests, indicating

rigorous anaerobic conditions. Although measurable degradation rates under

anaerobic conditions were found, rates of 14C02 production were orders of

magnitude lower under anaerobic than under aerobic conditions. In the absence

of oxygen, less than 5% of added hydrocarbon was oxidized to 14C02 during 233

days compared with over 20% during 14 days under aerobic conditions. In this

study, petroleum was found in a relatively unweathered state in anaerobic
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sediments oiled by the Amoco Cadiz spill, indicating that hydrocarbons are

indeed preserved from microbial attack under anaerobic conditions in the

environment.

The importance of oxygen for hydrocarbon degradation is indicated by the

fact that the major degradative pathways for both saturated and aromatic

hydrocarbons, discussed earlier, involve oxygenates and molecular oxygen. The

theoretical oxygen demand is 3.5 g of oil oxidized per g of oxygen (Floodgate,

1979; ZoBell, 1969). ZoBell (1969) calculated that the dissolved oxygen in 3.2
.

X 105 liters of seawater therefore would be required for the complete oxidation

of 1 liter of oil. Within anoxic

and benthic sediments, oxygen

Johnston (1970) examined

containing Kuwait crude oil.

water decreased rapidly. The
n

may

the

The

basins, the hypolimn~on of stratified lakes

severely limit biodegradation.

consumption of oxygen in sand columns

oxygen concentration in the interstitial

mean rate of oxygen consumption over 4 months was

0.45 g/mz per day at 10°C, corresponding to an oil degradation rate of 90 mg of

oil/m2 per day. Biodegradation of oil in sediments has been found to be

stimulated by bioturbation (Gordon, et al., 1978; Lee, 1977). The introduction.—

of oxygen by burrowing animals such as polychaete worms is apparently very

important in determining the rate of biodegradation of hydrocarbons in

oil-contaminated sediments.

Jamison et al. (1975) used forced aeration to supply oxygen for

hydrocarbon biodegradation in a groundwater supply which had been contaminated

by gasoline. Nutrient addition without aeration failed to stimulate

biodegradation, but when both nutrients and oxygen were supplied, it was

estimated that up to 1,000 barrels of gasoline was removed by stimulated

microbial degradation. Such manipulations to supply oxygen probably are not

feasible in open systems where natural forces such as wind and wave action will
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have to be relied upon for turbulent mixing and resupply of oxygen to support

biodegradation of oil.

Regardless of whether hydrocarbon degradation can occur at all under

anaerobic conditions, the environmental importance of anaerobic hydrocarbon

biodegradation can be discounted. Rapid biodegradation of hydrocarbons does

not occur in anaerobic environments. Hydrocarbons which enter anaerobic

environments such as anoxic sediments are well preserved and persist

indefinitely as environmental contaminants.

Salinity and Pressure

The influence of several other environmental factors on hydrocarbon

biodegradation has been studied. Typically these factors are specific features

of particular ecosystems such as saline lakes or deep seas (high hydrostatic

pressure), which represent specialized environments that may be contaminated by

petroleum hydrocarbons.

Ward and Brock (1978b) examined hydrocarbon biodegradation in hypersaline

environments. When hydrocarbons were added to natural samples of various

salinities (from 3.3 to 28.4%) from salt evaporation ponds of Great Salt Lake,

Utah, rates of metabolism of these compounds decreased as salinity increased.

Rate limitations did not appear to relate to low oxygen levels or to

availability of organic nutrient. Gas chromatographic  examination of

hexane-soluble components of tar samples from natural seeps at Rozel Point in

Great Salt Lake demonstrated no evidence of biological oxidation of isoprenoid

alkanes which are subject to degradation in normal environments. Attempts to

enrich for microorganisms, in saline waters, able to use mineral oil as a sole

source of carbon and energy were successful below, but not above, approximately

20% salinity. The study strongly suggests a general reduction of metabolic
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rate at extreme salinities and raises doubts about the biodegradation of

hydrocarbons in hypersaline environments.

Hydrocarbon pollutants in the world’s oceans may eventually sink; some

petroleum components may contaminate deep benthic zones. Microbial degradation

of organic matter in the deep sea has been found to be greatly restricted

(Jannasch et al., 1971). Hydrocarbons do not appear to be an exception.

Schwarz et al. (1974a, 1974b, 1975) examined the growth and utilization of

hydrocarbons at ambient and in situ pressure for deep-sea bacteria. The rate

of hydrocarbon utilization under high pressure and ambient temperatures and

atmospheric pressure. Whereas 94% of hexadecane was utilized within 8 weeks at

1 bar, at 500 bars it took 40 weeks for similar degradation. It appears that

oil which enters deep-ocean environments will be degraded very slowly and

persist for long periods of time.

Case Histories

The fate of pet~-oleum  hydrocarbons in the environment from various actual

environmental oil contamination incidents has now been examined. It is

extremely complex to study the weathering of a mixture such as petroleum in

natural, variable environments. Patchiness of oil distribution and uncertainty

about localized environmental variations make definitive scientific conclusions

difficult to reach. Determining quantitatively the specific role of

microorganisms in the fate of polluting oil is difficult, but changes in an

environmentally contaminating oil can be viewed in light of the enzymatic

degradative capacity of the indigenous hydrocarbon-degrading microbial

populations. Environmental factors known to influence rates of microbial

hydrocarbon degradation can be examined to estimate limitations of the

biodegradative contribution to the removal of petroleum pollutants.
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In February 1970, the tanker Arrow ran aground and spilled a large portion

of ~ts 108,000-barrel cargo into Chedabucto Bay, Nova Scotia. An estimated 300

kmof shoreline was affected. Rashid (1974) described the changes in the oil

3.5 years after the spillage. Degradation of oil depended largely on

environmental factors, especially wave energy. Degradation was greatest in

high-wave-energy environments and lowest in protected embayment areas. In the

high-energy environments, there was a substantial loss ofn_-alkanes,  which was

believed to be due to microbial degradation. Presumably, oxygen and nutrients

replenished by wave-driven mixing permitted more extensive degradation. Six

years after the spill, it was impossible to estimate the amount of oil

remaining in Chedabucto Bay from the spillage due to the patchy distribution of

the oil, contributions of more recent spillages, and the absence of adequate

control sites (Keizer et al., 1978).

In January 1973, the Irish Stardust ran aground near Vancouver Island,

B.C. Approximately 180 metric-tons of fuel oil was spilled. Cretney et al.

(1978) examined the long-term fate of the heavy fuel oil from the spill that

contaminated a British Columbia, Canada, coastal bay. They reported that

biodegradation accounted for almost complete removal of~-alkanes  during the

first year after the spill. Pristane and phytane were biodegraded more slowly,

but were almost completely gone after 4 years. The non-n-alkane components of

‘he C28 ‘0 C30 range appeared to be the most resistant to degradation of all

the components resolved by gas chromatography.

During March 1971, a pipeline rupture allowed JP-4 jet fuel and no. 2 fuel

oil to enter the intertidal zone of a cove at Searsport, Maine. The spill was

approximately 13 metric tons, but only a fraction of that amount probably

entered the cove. Mayo et al. (1978) examined the weathering characteristics

of petroleum hydrocarbons deposited in fine-clay marine sediments of the cove.
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They found that petroleum residues isolated from the spill gave the appearance

of weathering particularly slowly in the cold anoxic sediment. In 1976, they

found that the average area contained roughly 20% less hydrocarbon than in

1971, when the spill occurred. At a number of sites, there appeared to be no

decline in gross hydrocarbon concentrations and essentially no weathering of

the aliphatic portions of the petroleum residues. The data indicated that

although microbial degradation of the aliphatic  linear chain systems had a

measurable impact on the residues contained in upland sediments, this action

was greatly suppressed in the residues absorbed on the anoxic cold clay silt of

the cove. Microbial transport of the oil from the upland spill location to the

marine sediment, but within the marine sediments rates of microbial degradation

must have been near zero. It is likely that a lack of available oxygen in the

contaminated sediments severely limited rates of biodegradation.

The tanker Metula grounded in the Straits of Magellan in August 1974.

Approximately 46,000 metric tons of oil Wi.s lost, contaminating a cold marine

environment. Colwell et al. (1978) examined the biodegradation of petroleum

from the Metula spill in the Straits of Magellan region. They found from

biodegradation studies that oil degradation under in situ conditions proceeded

relatively slowly, with marked persistence of Metula oil in the Straits of

Magellan  2 years after the spill. They reported that the slow rates of oil

degradation most probably were due to limitations imposed by relatively low

concentrations of nitrogen and phosphorus available in seawater, as well as

restricted accessibility to degradable compounds within aggregated oils or tar

balls. Temperature did not seem to be a limiting factor for petroleum

degradation in the cold marine environment. There was an indigenous

cold-adapted microbial community capable of utilizing hydrocarbons. Microbial

degradation was not effective in attacking buried oil or oil that had formed

212



asphalt layers on beaches. Microbial action may have contributed significantly

to the formation of polar material and contributed to the extensive removal of

aliphatic  hydrocarbons in favorable environments. It was concluded that the

oil from the Metula spill would persist for a long period of time.

Two major spillages of no. 2 fuel oil into Buzzards Bay, Mass., have been

studied. The Florida created the West Falmouth  spill in 1969, and the Bouchard

was the source of a second spill in 1974. Blumeret al. (1972, 1972a, 1972b)

examined the disappearance of oil from the West Falmouth spill. They found

that the disappearance of petroleum hydrocarbons was slow and that bacterial

degradation contributed to the removal of ~-paraffins. Teal et al. (1978)

examined the aromatic hydrocarbons contaminating the sediments of Buzzards Bay

resulting from both spillages. Hicrobial degradation was believed to

contribute to the disappearance of naphthalenes  with zero to three alkyl

substituents and phenanthrenes  with zero to two substituents  from surface

sediments. The more substituted aromatics decreased relatively less and

probably were more resistant to biodegradation.

Pierce et al. ( 1975) examined the persistence and biodegradation of fuel

oil on an estuarine beach which came from the spillage of 90,000 gal (ea.

342,GO0 liters) of no. 6 fuel oil into Narragansett Bay, R.I., in 1973. The

concentrations of hydrocarbons in the midtide region declined simultaneously

with an increase in populations of hydrocarbon-utilizing bacteria. During the

winter months, hydrocarbon biodegradation was apparent at rates of less than 1

pg of hydrocarbon per g (dry weight) of sediment per day. McAuliffe et al.

(1975) examined the fate of 65,000 barrels of crude oil spilled in 1970 from a

Chevron platform 11 miles (ea. 17.6 km) east of the Mississippi River delta.

They found that only 1% of the oil entered the sediments; much of the oil

dissipated. One week after the spill, there was evidence for biodegradation of
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the oil in the sediment as shown by an alteration in the the ratio of

~-paraffins to isoprenoid hydrocarbons. Within 1 year, most of the oil was

gone and rapid biodegradation appeared to contribute to the removal of

contaminating hydrocarbons.

Atlas et al. (1978) studied petroleum biodegradation in various coastal

Arctic ecosystems which had been experimentally contaminated with Prudhoe crude

oil. Hydrocarbon biodegradation potentials were lower in ice than in water or

sediment. Natural rates of degradation were slow, and maximal losses from

experimental oil spills were less than 50% during the Arctic summer due to

combined abiotic and biodegradative losses. Rates of biodegradation were found

to be limited by temperature and concentration of available nitrogen and

phosphorus. Residual oil had similar percentages of hydrocarbon classes as

fresh oil; i.e., biodegradation of all oil component classes, including

paraffinic and aromztic fractions, apparently proceeded at similar rates. In

March 1977, there was a spill from the Potomac into the ice-laden waters of

Melville Bay in the northeastern part of Baffin Bay, off western Greenland.

About 107,000 gal (ea. 406,600 liters) of Bunker C fuel oil was lost. The fate

of the oil was investigated by a team of scientists (Grouse et al, 1979).——

Biodegradation of the oil at the low water temperatures was found to proceed

very slowly if at all. There was no significant increase in numbers of

hydrocarbon utilizers within a few weeks after the spill. During this period

there was also almost no change in the C17/pristane ratio in the oil,

indicating that biodegradation was not occurring at a significant rate.

The spill of the supertanker Amoco Cadiz in March 1978 resulted in the

largest oil spill to that date. In excess of 190,000 metric tons of oil was

releesed into the marine environment during 2 weeks. A variety of intertidal

sites off the Brittany coast was affected. Aminot (1980) examined the fate of
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the oil in the water column before reaching the shoreline. He found a

depletion of N. P, and 02 in the water column beneath the oil, which apparently

resulted from microbial degradation of petroleum hydrocarbons. The in situ

deficits of N, P, and 02 converted to a hydrocarbon biodegradation rate of 0.03

‘mg olf oil degraded per liter per day in the water column under the oil. Aminot

estimated that 9,000 metric tons of oil was biodegraded  in the water column

duriing  the 2 weeks following the spill. The fate of the Amoco Cadiz oil within

the intertidal zone was studied by several investigators (Atlas et al., 1981;

Atlas and Bronner, 1980; Boehm and Fiest, 1980a; Calder and Boehm, 1980;

‘Vandermeulen and Traxler, 1980; Ward et al., 1980). Microbial degradation

appears to have played a very important role in the weathering of oil stranded

witt~in the littoral zone. Atlas and Bronner (1980) estimated a biodegradation

rate of 0.5 pg of hydrocarbon per g (dry weight) of sediment per day within the

affected intertidal zone. The onset of extensive changes in the oil appears to

have occurred more rapidly after th~ wreck than was anticipated, extensive

biodegradation even preceding complete evaporation and dissolution of volatile

aromatics (Atlas et al., 1981; Calder and Boehm, 1980); there was a rapid——

change in the ~-alkane/isoprenoid hydrocarbon ratio within days to weeks. The

isc}prenoid  alkanes, C27 to C31 ~-alkanes, hopanes, alkylated dibenzothiophenes,

and alkylated phenanthrenes  were the classes of hydrocarbons most resistant to

biodegradation. Despite the rapid rates of biodegradation, the magnitude of

the spill was such thlat the oil will persist within the littoral zone for a

prolonged period. Oil that was buried, oil within anoxic sediments, and oil

‘within embayments appears to be most persistent (Atlas et al., 1981; Boehm and

Fiest, 1980a; Walker and Colwell, 1976d). Conditions which enhance aeration

and resupply nutrients, such as high-energy wave action, favor biodegradation.
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The magnitude of the Amoco Cadiz spill was surpassed by the spill form the

IXTOC-I  well blowout. In June 1979, oil began spilling into the Bay of

Campeche, Gulf of Mexico. The oil flowed for 10 months before the well was

capped. Some of the oil washed onto the coastal beaches of Texas, but for the

most part the current carried the oil away from U.S. waters. The oil from the

IXTOC-I well formed a mousse. Boehm and Fiest (1980b) found little evidence

for biological weathering of the hydrocarbons in the mousse. Atlas and

co-workers (1980a, 1980b) found that biodegradation of mousse was greatly

restricted, probably due to nutrient limitations and limited surface area for

microbial attack. During a 6-month laboratory incubation under simulated

natural conditions, 2 to 5% of the mousse (Cobet and Guard, 1973) was converted

to Coz. Despite favorable temperatures and high populations of hydrocarbon

utilizers in association with the mousse, changes in ~-alkane/isoprenoid  ratios

took months rather than days to weeks. The contribution of biodegradation to

weathering of oil from the IXTOC-I  well was notably slower and of less

magnitude than was found for the Amoco Cadiz. Pfaender and co-workers (Buckley

and Pfaecder, 1980; Pfaender et al., 1980) examined the degradation of

hydrocarbons within the water column affected by the IXTOC-I oil. They foun(

relatively rapid turnover times for hydrocarbons which had become dissolved in

th~ water column. Rates of degradation ranged from 0.01 to 44 pg of aliphatic

hydrocarbon respired per liter per h with turnover times of 30 to 266 h

In contrast to the cited studies on large marine oil spills, there

been few studies on freshwater ecosystems occurs frequently, but the sp

have

Ilages

are generally of small magnitude. Unless a special resource such as a drinking

water supply is contaminated, such “minor” spillages are often neglected.

Jamison et al. (1975, 1976) did examine the degradation of gasoline in a

contaminated groundwater supply, They used stimulated biodegradation to
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enhance removal of hydrocarbons from the contaminated water supply. Roubal et

al. (1979) fol lowed the disappearance of hydrocarbons from the Ohio River after

a major spillage of gasoline. They found that the hydrocarbons were rapidly

removed. The microbial community was found to be capable of contributing to

the disappearance of the contaminating hydrocarbons; the biodegradative

potential was capable of responding within 1 to 2 days. Horowitz and Atlas

(1977b) examined

had contaminated

situ measurement

the fate of 55,000 gal (ea. 209,000 liters) of gasoline which

an Arctic lake that served as a drinking water supply. In

of gasoline degradation showed that, if untreated, sediment

retained even “volatile” light hydrocarbons. Nutrient addition was found to

enhance biodegradative  losses.

Several studies have examined the fate of oil in soil ecosystems. Some of

these studies involved experimental contamination of soil to examine the

feasibility of using land farming for removal of oily wastes (Dibble and

Bartha, 1979a; Francke and Clark, 1974; Gudin and Syratt, 1975; Kincannon,

1972; Lehtomake and Niemela, 1975; Maunder and Waid, 1973; Raymond et al.,——

1976). Concern has been expressed about the leaching of oil applied to soil

into groundwater supplies. There have been some reports on mobilization of oil

into the soil column (Verstraete et al., 1975), but in most cases there has

been little evidence for significant downward leaching of oil (Dibble and

Bartha, 1979a; Raymond et al., 1976). Kincannon  (1972) applied residual oil

from a refinery tank, Bunker C fuel oil, and a waxy raffinate to soils and

found a degradation rate of8.3 m3/4 X 103 m2 per month. Francke and Clark

(1974) reported a degradation rate of 11.9 m3/4 X 103 m2 per month for used

crankcase oil applied to soil. They found that rates of degradation did not

excped 2.4 m3/4 X 103 mz per month.

217



Dibble

wheat field

of kerosene

and Bartha (1979c) examined the rehabilitation of a New Jersey

which had been contaminated with approximately 1.9 million liters

over 1.5 hectares. A rehabilitation program consisting of liming,

fertilization, and frequent tilling was initiated, and the decrease of

hydrocarbon contaminants was monitored for a 2-year period. During the 2 years

of the study, the hydrocarbon content of the surface oil decreased to an

insignificant level. Seasonal differences were found in the rate of

hydrocarbon disappearance. within 1 year after the spillage, the field

returned to a near-normal productive state. Odu (1972) reported evidence for

microbial degradation of oil spilled on a sandy soil in Nigeria from an oil

well blowout. Several Arctic terrestrial oil spills have been examined. Cook

and Westlake (1974) found evidence for extensive utilization of n-alkanes  in

oils applied in the Norman Wells area of the northwest territories and in the

Swan Hill area of northern Alberta. They also found evidence for

biodegradation of oil of the Nipisi spill in northern Alberta. The spill was

on a sphagnum bog. Sexstone et al. (1978a), in contrast, found evidence for

greatly restricted rates of biodegradation in northern soils. They found that

hydrocarbons were still present in soils at Fish Creek, Alaska, 28years after

contamination by spillage of refined oil.

SU!WIARY OF CURRENT STATE OF KNOWLEDGE

The rates of biodegradation of hydrocarbons from oil spills appear to be

highly dependent on localized environmental conditions. It is apparent that

the microbial degradation of oil pollutants is a complex process and that

environmental factors have a great influence on the fate of spilled oil. The

fate of many components in petroleum, the degradative  pathways which are active

in the environment, the importance of co-oxidation in natural ecosystems, and

the rcle of microorganisms in forming persistent environmental contaminants
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from hydrocarbons such as the compounds found in tar balls are unknown and

require future research. Although a number of rate-limiting factors have been

elucidated, the interactive nature of microorganisms, oil, and environment

still is not completely understood, and further examination of case histories

is necessary to improve predictive understanding of the fate of oil pollutants

in the environment and the role of microorganisms in biodegradative

environmental decontamination. With an understanding of the microbial

hydrocarbon degradation process in the environment, it should be possible to

develop models for predicting the fate of hydrocarbon pollutants and to develop

strategies for utilizing microbial hydrocarbon-degrading activities for the

removal of hydrocarbons from contaminated ecosystems.

IV Study Area

Regions studied during the course of this study included: the northeastern

Gulf of Alaska, the northwestern Gulf of Alaska, Cook Inlet, the north Aleutian

shelf region of the Bering Sea, the St. George basin region of the Bering Sea,

the Navarin Basin Region of the Bering sea, Norton Sound, and the Beaufort Sea.
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v Methods and Materials

SAMPLING

Water samples were collected using a Niskin sterile water sampler. Mater

samples were transferred to sterile containers and processed as soon as

possible. Sediment samples were collected using a Smith-MacIntyre  or Sutar-Van

Veen grab sampler in water depths of greater than 5 m. A relatively

undisturbed surface sediment was collected from each of the grab sampler. In

shallow waters a Kahl mud snapper was used to collect sediment samples. Each

sediment was mixed with a small portion of overlying seawater to produce a

slurry to facilitate handling of the sediment. At the time of sampling the

location, temperature, and salinity were determined. The sampling sites are

shown in Figures la - 1s. A comprehensive list of samples collected in this

study including sampling locations, dates of collection, sampling depths,

temperatures, and salinities is given in Table 1.

ENUMERATION OF MICROBIAL POPULATIONS

Total Numbers of Microorganisms

Enumeration of total bacterial populations was performed using a direct

count procedure. Serial dilutions of the samples were preserved 1:1 with

formaldehyde. Samples were filtered through 0.2 pm cellulose nitrate black

filters and stained with acridine orange according to the procedures of Daley

and Hobbie (1975). The black filters were examined with an Olympus

epifluorescence  microscope with a BG-12 exciter filter and a 0-530 barrier

filter. Ten fields per filter and two filters per sample were enumerated and

the counts averaged.

Viable Plate Counts

Serial dilutions of samples were made in Rila marine salts solution (Rila

Products, Teaneck, N.J., U.S.A.) and plated on marine agar 2216 (Difco). (The
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Figure lm. Stations sampled in Cook Inlet during the
April 1979 cruise.
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Figure 10. Positions and station designations for locations in Port Moller
during the January 1981 cruise.
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Table 1. Sample descriptions.

-------  ------  ------  ------- -------  -------  ------  -------  ------  ------  ------------------------  ------  -------
s DMD~ D D T S s

A A 0
k ; i! ;N T : ;L u
P E P R
L L L A : c
E !iAO : E

T T N N ;
GG ‘f

- - - - - - -  - - - - - -  - - - - - -  - - - - - -  - - - - - -  - - - - - -  - - - - - - -  - - - - - - -  - - - - - -  - - - - - -  - - - - - -  - - - - - -  - - - - - - - - - - - - - - - - - -  - - - - - - - - -
BBP 1
BBOOO1
BBOO02
BBOO03
BBOO04
BBOO05
BBOO06
BBOO07
BBOO08
BBOO09
BBOO1O
BBOO1l
BBOO12
BBO013
BBO014
BBO015
BBO016
BBO017
BBO018
BBO019
BBO020
BBO021
BBO022
BBO023
BBO024
BBO025
BBO025A
BBO026
BBO027
BBO027A
BBO028
BBO029
BBO030
BBO031
BBO032
BBO033
BBIo1
BBI02
B B 1 0 3
BB104

74 2 1 . 2 2  1 5 6  32.17
7 1  2 1 . 2 2  1 5 6  3 2 . 1 7
7 1  2 5 . 0 0  156 2 0 . 0 0
71 1 5 . 7 0  1 5 6 0 . 0 0
7 1  1 9 . 0 0  156 1 5 . 7 9
7 1  1 5 . 7 0  1 5 6  0 . 0 0
7 1  2 1 . 5 5  1 5 6  2 1 . 0 8
7 1  2 2 . 1 3  1 5 6  2 1 . 7 4
7 0  3 0 . 6 0  1 4 9  3 4 . 2 1
7 0  2 6 . 5 0  149 3.15
7 0  19.14 148 19.35
7 0  2 0 . 3 1  1 4 8  2 0 . 0 2
7 0  2 0 . 8 7  148 2 3 . 9 5
7 0  2 0 . 1 1  1 4 8  2 6 . 0 5
7 1  2 1 . 2 2  1 5 6  3 2 . 1 7
7 1  2 1 . 4 9  156 26.19
7 1  2 1 . 5 5  1 5 6  2 1 . 0 8
71 2 2 . 1 3  1 5 6  2 1 . 7 4
70 1 9 . 1 4  1 4 8  1 9 . 3 5
7 0  20.31 1 4 8  20.02
7 0  2 4 . 5 3  148 2 2 . 2 9
7 0  2 6 . 5 7  148 2 3 . 4 7
7 0  2 1 . 7 8  148 2 7 . 5 3
7 0  2 0 . 8 7  148 2 3 . 9 5
7 0  2 0 . 0 0  148 2 2 . 0 6
7 1  2 1 . 2 0  156 3 2 . 2 0
7 0  2 2 . 9 0  148 21.45
7 0  2 4 . 5 3  148 2 2 . 2 9
7 1  2 1 . 5 0  1 5 6  2 6 . 2 0
7 0  2 6 . 5 7  148 23.47
7 0  2 4 . 6 4  148 2 5 . 9 6
7 0  2 3 . 5 9  148 2 7 . 2 6
7 1  2 1 . 2 2  156 3 2 . 1 7
7 1  2 1 . 4 9  156 2 6 . 1 9
7 1  21.55 156 21.08
7 1  2 3 . 0 0  155 5 6 . 0 0
7 1  2 3 . 0 0  1 5 5  2 6 . 0 0
7 1  2 3 . 0 0  154 5 4 . 0 0
7! 2 1 . 4 0  1 5 6  2 7 . 0 0

04/16~76
0 8 / 2 0 1 7 5
0 8 / 2 0 / 7 5
08/28175
0 8 / 2 8 / 7 5
0 8 / 3 1 / 7 5
08/31/75
0 9 / 0 5 / 7 5
0 9 / 0 5 / 7 5
09/05/75
0 9 / 0 5 / 7 5
0 9 / 0 8 / 7 5
0 9 / 0 8 / 7 5
0 9 / 0 8 / 7 5
0 9 / 0 8 / 7 5
0 9 / 1 1 / 7 5
09/11175
09/11/75
09/11/75
09112/75
09/12175
0 9 / 1 2 / 7 5
09/12/75
0 9 / 1 3 / 7 5
09/13/75
09/13/75
0 9 / 0 2 / 7 5
09/13/75
09113/75
0 9 / 0 5 / 7 5
09/13/75
0 9 / 1 4 / 7 5
0 9 / 1 4 / 7 5
0 9 / 1 7 / 7 5
0 9 / 1 7 / 7 5
0 9 / 1 7 / 7 5
0 4 / 0 7 / 7 6
0 4 / 0 7 / 7 6
0 4 / 0 7 / 7 6
0 4 / 1 0 / 7 6

3 . 7 0  3 . 0
2 . 3 0  3 . 2
9 . 3 0
2 . 0 0
3 . 3 0  2 . 0
3 . 3 0  1.5

1 1 . 3 0
8 . 0 0
2 . 0 0  2 . 9
2 . 0 0  1.8
2 . 0 0  - 0 . 8
2 . 3 0  - 0 . 4
2 . 7 0  - 0 . 2
1 . 7 0  - 0 . 2
2 . 3 0
2 . 0 0

1 1 . 3 0
8 . 0 0
2.70 1.0
3.30 1.5
3 . 0 0  1.0
7 . 7 0  0 . 0
1 . 7 0  2 . 3
2 . 3 0  2 . 2
2 . 7 0  2 . 2
1 . 0 0  0 . 4
1 . 7 0  1 . 8
6 . 7 0  0 . 3
2 . 0 0  - 0 . 5
6 . 3 0  0 . 0
5 . 0 0  0 . 6
2 . 3 0  1.5
2 . 0 0  - 0 . 5
2 . 3 0  - 0 . 5
2 . 3 0  - 0 . 5
6 . 0 0  0 . 0
6 . 0 0  0,0
7 . 0 0  0 . 0
5 . 0 0  0 . 0

2 2 . 8
1 7 . 0

1 9 . 2
1 9 . 8
1 9 . 8
1 7 . 5

1 9 . 5
2 0 . 0
2 1 . 0
2 2 . 5
1 7 . 5
1 9 . 3
1 8 . 5
2 0 . 0
1 9 . 2
2 1 . 5
2 0 . 5
2 1 . 3
1 9 . 2
2 0 . 2

BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BELUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT

B E A C H  ELSON S T A . 0 3 A
ELSON L A G O O N  STO1 S E D I M E N T
ELSON L A G O O N  STO1 S E D I M E N T
ELSON L A G O O N  S T I O  S E D I M E N T
P T  B A R R O W  S T 1 2  S E D I M E N T
E L S O N  L A G O O N  ST1l S E D I M E N T
P T  BARRObl  ST12 S E D I M E N T
ELSON L A G O O N  S T 0 3  S E D I M E N T
P L O V E R  P T  S T 0 4  S E D I M E N T
OLIGTOK P T  S T 3 0  S E D I M E N T
PRUDHOE B A Y  S T 4 0  S E D I M E N T
PRUDHOE B A Y  S T 5 3  S E D I M E N T
P R U D H O E  B A Y  S T 5 5  S E D I M E N T
P R U D H O E  B A Y  ST51 S E D I M E N T
YRUDHOE B A Y  S T 5 4  S E D I M E N T
ELSON LAGOON STO1 SEDIMENT
ELSON L A G O O N  S T 0 2  S E D I M E N T
ELSON LAGOON ST03  SEDIMENT
ELSON LAGOON ST04  SEDIMENT
P R U D H O E  B A Y  S T 5 3  S E D I M E N T
P R U D H O E  B A Y  S T 5 5  S E D I M E N T
P R U D H O E  B A Y  S T 7 0  S E D I M E N T
PRUDHOE B A Y  S T 7 1  S E D I M E N T
P R U D H O E  B A Y  S T 5 0  S E D I M E N T
PRUD}IOE B A Y  S T 5 1  S E D I M E N T
PRUDHOE B A Y  S T 5 2  S E D I M E N T

STA-l O L D  S A M P L E  25 L O C A T I O N  B
B E A U F O R T  PRUDHOE B A Y  S T 5 7  S E D I M E N T
B E A U F O R T  PRUDHOE B A Y  S T 7 0  S E D I M E N T
S T A  2  O L D  S A M P L E  2 7  L O C A T I O N  B
B E A U F O R T  P R U D H O E  B A Y  ST71 S E D I M E N T
B E A U F O R T  PRUDHOE B A Y  S T 7 2  S E D I M E N T
B E A U F O R T  PRUDHOE B A Y  S T 7 3  S E D I M E N T
B E A U F O R T  ELSON L A G O O N  STO1 S E D I M E N T
B E A U F O R T  ELSON L A G O O N  S T 0 2  S E D I M E N T
BEAUFORT ELSON LAGOON ST03  SEDIMENT
B E A U F O R T  S E D I M E N T  BARROW  STA.13
BEAUFORT SEDIMENT BARROW STA.14
BEAUFORT SEDIMENT BARROW STA.15
B E A U F O R T  S E D I M E N T  ELSON  STA.02



B B 1 0 5
B B 1 0 6
B B 1 0 7
B B 1 0 8
B B 1 0 9
BB11O
BB1ll
BB112
BB!13
BB114
BB115
BI 101
BIIOZ
BI 103
B I 1 0 4
BII05
BI106
B I 1 0 7
B I 1 0 8
BI 109
BII1O
BI1ll
B1112
BX113
B1114
;3; ;;

B1117
B1118
BII19
B1120
B112!
B1122
BI 123
BWOOO1
BWOO02
BWOO03
BWOO04
BldOO05
Bldooo6
BWOO06A
Bb10007
BWOO07A
BWOO08
BUOO09
Bldooo9A
BWOO1O
BWOO1l
BWOO1l A
BWOO1l  B
BWO012
BWOO  12A
BWO013
BWOO  13A
BNOO13B

7 1  2 1 . 6 0  156 2 1 . 0 0
7 0  3 2 . 0 0  148 2 2 . 0 0
7 0  3 1 . 0 0  lft7 2 4 . 0 0
7 0  2 8 . 0 0  147 3 0 . 0 0
7 0  4 7 . 0 0  147 0 . 0 0
7 0  2 2 . 5 0  148 2 0 . 0 0
7 1  2 6 . 0 0  152 2 2 . 0 0
7 1  1 9 . 0 0  1 5 2  3 3 . 0 0
7 1  8 . 0 0  152 5 5 . 0 0
7 1  2 3 . 0 0  1 5 3  5 0 . 0 0
7 1  2 3 . 0 0  154 2 2 . 0 0
7 1  3 1 . 0 0  1 5 6  6 . 0 0
71 34.50 1 5 5  3 5 . 0 0
7 1  3 9 . 0 0  155 4 . 0 0
7 1  2 1 . 6 0  1 5 6  21.00
7 1  2 3 . 0 0  155 5 6 . 0 0
7 1  2 3 . 0 0  155 2 6 . 0 0
71 2 3 . 0 0  1 5 4  5 4 . o o
7 1  21.40 156 2 7 . 0 0
71 2 1 . 6 0  156 2 1 . 0 0
7 1  8 . 0 0  1 4 6  3 0 . 0 0
7 0  3 2 . 0 0  148 22.oo
7 0  3 1 . 0 0  1 4 7  24.00
7 0  2 8 . 0 0  147 3 0 . 0 0
70 4 7 . 0 0  1 4 7  0 . 0 0
7 0  2 2 . 5 0  148 2 0 . 0 0
7 1  3 6 . 0 0  1 5 2  1 2 . 0 0
7 1  4 6 . 0 0  1 5 1  5 2 . 0 0
7 1  2 6 . 0 0  1 5 2  2 2 . 0 0
7 1  1 9 . 0 0  1 5 2  3 3 . 0 0
7 1  8 . 0 0  1 5 2  5 5 . 0 0
7 1  2 3 . 0 0  1 5 3  5 0 . 0 0
7 1  2 3 . 0 0  154 2 2 . 0 0
7 1  3 4 . 5 0  1 5 5  3 5 . 0 0
7 1  2 1 . 2 2  1 5 6  3 2 . 1 7
7 1  2 1 . 2 2  1 5 6  32.t7
7 1  25.oo 1 5 6  2 0 . 0 0
7 1  1 5 . 7 0  1 5 6  0 . 0 0
7 1  2 0 . 8 1  1 5 6  3 5 . 1 7
7 1  1 9 . 0 0  156 15.79
7 1  2 1 . 2 0  1 5 6  3 2 . 2 0
7 1  1 5 . 7 0  1 5 6  0 . 0 0
71 2 1 . 5 0  156 2 6 . 2 0
71 2 1 . 0 1  1 5 6  42.18
71 2 1 . 5 5  1 5 6  2 1 . 0 8
7t 2 1 . 5 0  1 5 6  2 1 . 1 0
7 1  2 2 . 1 3  1 5 6  2 1 . 7 4
7 0  3 0 . 6 0  1 4 9  3 4 . 2 1
7 1  1 9 . 7 0  1 5 6  4 0 . 9 0
7 1  2 2 . 1 0  156 21.70
7 0  2 6 . 5 0  149 3 . 1 5
7 1  1 9 . 7 0  156 4 0 . 9 0
7 0  2 0 . 0 0  148 2 2 . 0 6
7 1  1 9 . 7 0  156 4 0 . 9 0
71 1 9 . 7 0  1 5 6  4 0 . 9 0

0~/10/76
0 4 / 1 2 / 7 6
0 4 / 1 2 / 7 6
0 4 / 1 2 / 7 6
0 4 / 1 4 / 7 6
0 4 / 1 4 / 7 6
0 4 / 1 6 / 7 6
0 4 / 1 6 / 7 6
0 4 / 1 8 / 7 6
04/18/76
0 4 / 1 8 / 7 6
0 4 / 0 5 / 7 6
0 4 / 0 5 / 7 6
0 4 / 0 5 / 7 6
0 4 / 0 7 / 7 6
0 4 / 0 7 / 7 6
0 4 / 0 7 / 7 6
0 4 / 0 7 / 7 6
0 4 / 1 0 / 7 6
04110/76
0 4 / 1 4 / 7 6
04/14/76
0 4 / 1 4 / 7 6
0 4 / 1 4 / 7 6
0 4 / 1 4 / 7 6
04/~4/76
0 4 / 1 6 / 7 6
0 4 / 1 6 / 7 6
04/16!76
0 4 / 1 6 / 7 6
0 4 / 1 8 / 7 6
0 4 / 1 8 / 7 6
0 4 / 1 8 / 7 6
0 4 / 1 8 / 7 6
0 8 / 2 0 / 7 5
0 8 / 2 0 / 7 5
08/28/75
0 8 / 2 8 / 7 5
0 8 / 3 0 / 7 5
0 8 / 3 1 / 7 5
0 8 / 2 1 / 7 5
0 8 / 3 1 / 7 5
08/2f/75
0 8 / 3 1 / 7 5
09/05/75
0 8 / 2 1 / 7 5
09/05/75
0 9 / 0 5 / 7 5
0 8 / 2 4 / 7 5
0 8 / 2 1 / 7 5
0 9 / 0 5 / 7 5
0 8 / 2 6 / 7 5
0 9 / 0 5 / 7 5
0 8 / 2 7 / 7 5
08128/75

5 . 0 0  0 . 0
8 . o O  0 . 0

1 4 . 0 0  0 . 0
3 . 5 0  0 . 0

2 6 . 0 0  0 . 0
2 . 0 0  0 . 0

5 0 . 0 0  0 . 0
3 0 . 0 0  0 . 0

9 . 0 0  0 . 0
2 2 . 0 0  0 . 0
1;.:; :.:

0:00 0:0
0 . 0 0  0 . 0
0 . 0 0  0 . 0
0 . 0 0  0 . 0
0 . 0 0  0 . 0
0 . 0 0  0 . 0
0 . 0 0  0 . 0
0 . 0 0  0 . 0
0.00 0.0 3.2
0 . 0 0  0 . 0
0 . 0 0  0 . 0
0 . 0 0  0 . 0
0 . 0 0  0 . 0  2 3 . 8
0.00 0.0 1.0
0.00 0.0 6.0
0 . 0 0  0 . 0
0 . 0 0  0 . 0 1::;
0.00 0.0 8.5
0.00 0.0 3.5
0.00 0.0 5.0
O.uo 0 . 0
0 . 0 0  0 . 0 :::
1 . 0 0  3 . 0  2 6 . 0
1 . 0 0 3 . 2  2 6 . 5
1.00 ‘ 0 . 5  2 3 . 8
1 . 0 0  2 . 0  2 2 . 5

t o o  2 . 0 1!::
1.00 3.() 20.1
1 . 0 0 1 . 5  2 1 . 0
!.00 2 . 5  2 1 . 0
1 . 0 0 2 . 0  2 5 . 5
1 . 0 0 - 0 . 2  2 0 . 0
1 . 0 0  2 . 0 2 0 . 0
1 . 0 0  -:.; ::.:
1.00 . .
1 . 0 0
1 . 0 0 3 . 0  2 5 . 0
1 . 0 0  1 . 8 1 8 . 8
1 . 0 0 3 . 0  3 1 . 0
1 . 0 0 1 . 5  2 0 . 0
1 . 0 0
1 . 0 0  2 . 0  2!::

B E A U F O R T  S E D I M E N T  ELSON STA.03
B E A U F O R T  S E D I M E N T  PRUDHOE STA.74
B E A U F O R T  S E D I M E N T  PRUDHOE STA.81
BEAUFORT SEDIMENT PRUDHOE STA.80
B E A U F O R T  S E D I M E N T  PRUDHOE STA.83
B E A U F O R T  S E D I M E N T  PRUDHOE STA.56
B E A U F O R T  S E D I M E N T  P I T T  P T  STA.22
B E A U F O R T  S E D I M E N T  P I T T  P T  STA.21
B E A U F O R T  S E D I M E N T  P I T T  P T  STA.20
BEAUFORT SEDIMENT BARROW STA.17
B E A U F O R T  S E D I M E N T  BARROld  STA.16
BEAUFORT ICE  BARROW STA.13A
B E A U F O R T  ICE BARROU  STA.14A
BEAUFORT ICE  BARROW STA.15A
B E A U F O R T  I C E  ELSON STA.03
BEAUFORT ICE  BARROW STA.13
BEAUFORT ICE  BARROW STA.14
BEAUFORT ICE  BARROW STA.15
B E A U F O R T  I C E  ELSON STA.02
B E A U F O R T  I C E  ELSON  STA.03
B E A U F O R T  I C E  P R U D H O E  STA.85
B E A U F O R T  ICE PRUDHOE STA.74
B E A U F O R T  I C E  PRLIDHOE  STA.81
B E A U F O R T  I C E  P R U D H O E  STA,80
B E A U F O R T  I C E  PRUDHOE STA.83
B E A U F O R T  I C E  P R U D H O E  STA.56
B E A U F O R T  ICE P I T T  PT STA.24
B E A U F O R T  I C E  P I T T  P T  STA.23
B E A U F O R T  I C E  P I T T  P T  STA.22
B E A U F O R T  ICE P ITT  PT  STA.21
B E A U F O R T  I C E  P I T T  P T  STA.20
B E A U F O R T  I C E  BARRObl  STA.17
BEAUFORT ICE  BARROW STA.16
BEAUFORT ICE  BARROW STA.14A
B E A U F O R T  ELSON L A G O O N  STO1 IJATER
B E A U F O R T  ELSON L A G O O N  STO1 bJATER
B E A U F O R T  ELSON L A G O O N  STtO W A T E R
B E A U F O R T  P O I N T  BARROld  ST12 W A T E R
CHUKCH1 B A R R O W  ST05B I C E
B E A U F O R T  ELSON L A G O O N  STfl W A T E R
S T A  1  O L D  S A M P L E  6 L O C A T I O N  B
BEAUFORT POINT  BARROW ST12  WATER
S T A  2  O L D  SANPLE 7  L O C A T I O N  B
CHUKCHq  BARROW ST06  WATER
B E A U F O R T  ELSDN L A G O O N  S T 0 3  W A T E R
S T A  3  O L D  S A M P L E  9  L O C A T I O N  B
B E A U F O R T  P L O V E R  P T .  S T 0 4  W A T E R
B E A U F O R T  OLIGTOK P T .  S T 3 0  W A T E R
S T A  7  O L D  S A M P L E  llALOCATION B
S T A  4  O L D  S A M P L E  1 1  L O C A T I O N  B
B E A U F O R T  PRUDHOE BAY ST40  WATER
S T A  7  O L D  S A M P L E  1 2  L O C A T I O N  B
BEAUFORT PRUDHOE BAY ST52  WATER
S T A  7  O L D  S A M P L E  13ALOCATION  B
S T A  7  O L D  S A M P L E  f3 L O C A T I O N  B



BldOO14
BldOO 14A
iwl:~

BWOO17
BWOO 18
BWO019
BbJoo19A
BWO020
BUO021
BWO022
Bb10023
BWO024
BWO024A
BWO025
BWO026
BWO026A
BWO027
BWO028
BWOOZ8A
BWO029
BWO030
BWO031
BWO032
BWO033

M BWO034
A BWO035
- BbJO036

BWO037
BWO038
BbJO039
BWO040
BWO041
BWO042
BWO043
BWO079
BWO080
BbJoo81
BWO082
BWO083
BbJoo84
BWO091
BWO092
BWO093
BWO094
BWO095
BW101
BM102
BW103
BW104
LwJto5
BWI06
BWI07
BW107A
BW108

7 0  1 9 . 1 4  1 4 8  1 9 . 3 5
7 1  1 9 . 7 0  1 5 6  4 0 . 9 0
7 0  2 0 . 3 1  148 2 0 . 0 2
7 0  20.31 148 2 0 . 0 2
7 0  2 0 . 8 7  168 2 3 . 9 5
7 0  20.11 148 2 6 . 0 5
7 1  2 1 . 2 2  1 5 6  3 2 . 1 7
7 1  2 0 . 8 0  1 5 6  3 5 . 2 0
7 1  2 1 . 4 9  1 5 6  2 6 . 1 9
7 1  2 1 . 5 5  1 5 6  2 1 . 0 8
7 1  2 2 . 1 3  1 5 6  2 1 . 7 4
7 0  1 9 . 1 4  1 4 8  1 9 . 3 5
7 0  2 0 . 3 1  1 4 8  2 0 . 0 2
71 2 1 . 0 0  1 5 6  4 2 . 2 0
7 0  2 1 . 7 4  1 4 8  2 0 . 8 4
7 0  2 4 . 5 3  J48 2 2 . 2 9
7 1  2 1 . 2 0  1 5 6  3 2 . 2 0
7 0  2 6 . 5 7  1 4 8  2 3 . 4 7
7 0  2 1 . 7 8  1 4 8  2 7 . 5 3
7 1  2 1 . 5 0  1 5 6  2 6 . 2 0
7 0  2 0 . 0 0  148 2 2 . 0 6
7 0  2 2 . 9 0  1 4 8  2 1 . 4 5
7 0  2 4 . 5 3  148 2 2 . 2 9
7 0  2 6 . 5 7  1 4 8  2 3 . 4 7
7 0  2 4 . 6 4  1 4 8  2 5 . 9 6
7 0  2 3 . 5 9  1 4 8  2 7 . 2 6
7 1  2 1 . 2 2  1 5 6  3 2 . 1 7
7t 2t.49 156 26.19
7 1  2 1 . 5 5  1 5 6  2 1 . 0 8
7 1  1 7 . 2 3  1 5 6  4 8 . 4 8
71 1 7 . 9 0  156 4 6 . 3 0
7 1  1 8 . 8 5  1 5 6  4 3 . 3 7
7 1  2 0 . 9 4  1 5 6  3 5 . 2 2
7 1  20.81 1 5 6  3 5 . 1 7
7 1  2 3 . 1 5  1 5 6  2 9 . 2 4
7 1  1 9 . 7 0  1 5 6  4 0 . 9 0
7 1  2 0 . 8 0  1 5 6  3 5 . 2 0
7 ?  2 0 . 8 0  1 5 6  3 5 . 2 0
7 1  2 0 . 8 0  1 5 6  3 5 . 2 0
7 1  2 0 . 8 0  1 5 6  3 5 . 2 0
7 1  2 0 . 8 0  1 5 6  3 5 . 2 0
7 1  2 0 . 9 0  1 5 6  3 5 . 2 0
7 1  2 0 . 8 0  1 5 6  3 5 . 2 0
7 1  2 0 . 8 0  1 5 6  3 5 . 2 0
7 1  2 0 . 8 0  1 5 6  3 5 . 2 0
7 1  2 0 . 8 0  1 5 6  3 5 . 2 0
7 1  3 0 . 0 0  1 5 6  6 . 0 0
7t 3 4 . 5 0  155 3 5 . 0 0
7 1  3 9 . 0 0  1 5 5  4 . 0 0
7 1  2 1 . 6 0  1 5 6  2 1 . 0 0
7 1  2 3 . 0 0  1 5 5  5 6 . 0 0
7 1  2 3 . 0 0  1 5 5  2 6 . 0 0
7 1  2 3 . 0 0  1 5 4  5 4 . 0 0
7 1  2 1 . 6 0  1 5 6  2 1 . 0 0
7 1  2 1 . 4 0  1 5 6  2 7 . 0 0

09f08175
08127/75
0 9 / 0 8 / 7 5
0 9 / 0 8 / 7 5
09/08/75
0 9 / 0 8 / 7 5
09111/75
0 8 / 3 0 / 7 5
09/11/75
09/11/75
0 9 / 1 1 / 7 5
09/12/75
0 9 / 1 2 / 7 5
09/02/75
0 9 / 1 2 / 7 5
0 9 / 1 2 / 7 5
09105/75
0 9 / 1 2 / 7 5
09/13/75
0 9 / 0 5 / 7 5
09113/75
09/13175
09/13/75
09/13/75
09/14/75
09114/75
09117/75
09/i7/75
09117/75
09/23/75
0 9 / 2 3 / 7 5
09/23175
0 9 / 2 3 / 7 5
09123/75
09/25175
09/16/75
09/16/75
09/17/75
09116/75
09/16/75
09116/75
09120/75
09{20175
0 9 / 2 0 / 7 5
0 9 / 2 0 / 7 5
0 9 / 2 1 / 7 5
04/05/76
04/05/76
0 4 / 0 5 / 7 6
0 4 / 0 5 / 7 6
04/07/76
0 4 / 0 7 / 7 6
0 4 / 0 7 / 7 6
0 4 / 0 9 / 7 6
04/10/76

1 . 0 0  - 0 . 8
1.00 3 . 0
1 . 0 0  - 0 . 8
2 . 3 0  - 0 . 4
1 . 0 0 - 0 . 5
1 . 0 0  - 0 . 4
1 . 0 0 - 0 . 5
1 . 0 0  2 . 0
1 . 0 0  0 . 0
1 . 0 0  0 . 0
1 . 0 0  0 . 0
1 . 0 0  1 . 0
1 . 0 0  1.5
1 . 0 0  2 . 0
1.00 1 . 5
t o o  1 . 0
1.00 0 . 4
1 . 0 0  0 . 5
1.00 2 . 5
1 . 0 0  - 0 . 5
1 . 0 0  1.9
1.00 2 . 2
1 . 0 0  1 . 5
1 . 0 0  :.;
1.00
1 . 0 0  2:3
1.00 - 0 . 5
? . 0 0 - 0 . 5
1 . 0 0 - 0 . 5

0.00 -1.0
0 . 0 0 - 1 . 0
0 . 0 0 - 1 . 2
1 . 0 0  2 . 0
1 . 0 0  2 . 0
1 . 0 0  1.5
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0 - 1 . 0
1 . 0 0 - 1 . 0
1 . 0 0
1 . 0 0
1.00 2 . 0
1 . 0 0 - 1 . 6
1 . 0 0  - 2 . 0
1 . 0 0  - 2 . 0
1 . 0 0  - 2 . 0
1.00 - 2 . 0
1.00 - 2 . 0
1 . 0 0  - 2 . 0
1 . 0 0  - 2 . 0
f.oo - 2 . 0

1 1 . 8
2 3 . 0
1 1 . 1
1 9 . 8
1 1 . 4

1;:!
2 5 . 0
1 8 . 2
1 8 . 5
1 8 . 8
1 4 . 5
1 6 . 0
2 5 . 5
19.5
2 0 . 0
2 0 . 0
2 1 . 5
1 7 . 8
2 0 . 5
18.t
1 6 . 2
1 8 . 5
2 0 . 2
1 6 . 0
1 5 . 8
2 2 . 0
2 2 . 2
2 2 . 2

0 . 0

M
2 7 . 0
2 5 . 5
2 6 . 0
2 5 . 5
2 5 . 2
2 5 . 0

1 . 2
0 . 5

2:::
2 6 . 0

9 . 0

2:::
2 8 . 0
2 2 . 0
1 9 . 2
2 4 . 5
2 5 . 0
2 2 . 0
1 7 . 0
2 5 . 0
3f.o

B E A U F O R T  PRUDHOE BAY ST53  WATER
S T A  7  O L D  S A M P L E  14 L O C A T I O N  B
BEAUFORT PRUDHOE BAY ST55  WATER
BEAUFORT PRUDHOE BAY ST55  WATER
B E A U F O R T  PRUDHOE BAY ST51 IIJATER
B E A U F O R T  PRUDHOE BAY ST54  WATER
B E A U F O R T  ELSON L A G O O N  STO1 W A T E R
S T A  5 B  O L D  S A M P L E  19 L O C A T I O N  B
B E A U F O R T  ELSON L A G O O N  S T 0 2  W A T E R
B E A U F O R T  ELSON  L A G O O N  S T 0 3  W A T E R
B E A U F O R T  ELSON L A G O O N  S T 0 4  WATER
BEAUFORT PRUDHOE BAY ST53  WATER
BEAUFORT PRUDHOE BAY ST55  WATER
S T A  7  O L D  S A M P L E  2 4  L O C A T I O N  B
B E A U F O R T  PRUDHOE BAY ST56 L4ATER
B E A U F O R T  PRUDHOE BAY ST70  MATER
S T A  1 O L D  SAMPLE 2 6  L O C A T I O N  B
BEAUFORT PRUDHOE BAY ST71 W A T E R
BEAUFORT PRUDHOE BAY ST50  WATER
S T A  2  O L D  S A M P L E  2 8  L O C A T I O N  B
B E A U F O R T  PRUDHOE BAY ST52  WATER
BEAUFORT PRUDHOE BAY ST57  WATER
BEAUFORT PRUDHOE BAY ST70  WATER
BEAUFORT PRUDHOE BAY ST71 W A T E R
B E A U F O R T  PRUDHOE BAY ST72  WATER
BEAUFORT PRUDHOE BAY ST73  WATER
B E A U F O R T  ELSON L A G O O N  STO1 W A T E R
B E A U F O R T  ELSON L A G O O N  S T 0 2  W A T E R
B E A U F O R T  ELSON L A G O O N  S T 0 3  W A T E R
CHUKCH1  B A R R O W  S T 0 9 A  I C E
CHUKCH1  B A R R O W  ST09B I C E
CHUKCH1  B A R R O W  ST09C  I C E
B E A U F O R T  ELSON L A G O O N  ST05A W A T E R
CHUKCHt  BARROW ST05B W A T E R
CHUKCHt  B A R R O W  S T 0 8  MATER
S T A  7  O L D  S A M P L E  7 9  L O C A T I O N  B
S T A  5 B  O L D  S A M P L E  8 0  L O C A T I O N  B
S T A  5 B  O L D  S A M P L E  8 1  L O C A T I O N  B
S T A  5B O L D  S A M P L E  8 2  L O C A T I O N  B
S T A  5B  O L D  S A M P L E  8 3  L O C A T I O N  B
S T A  5 B  O L D  S A M P L E  8~ L O C A T I O N  B
S T A  5 A  O L D  S A M P L E  9 1  L O C A T I O N  B
S T A  5 B  O L D  S A M P L E  9 2  L O C A T I O N  B
S T A  5 B  O L D  S A M P L E  9 3  L O C A T I O N  B
S T A  5 B  O L D  S A M P L E  9 4  L O C A T I O N  B
S T A  5 B  O L D  S A M P L E  9 5  L O C A T I O N  B
TIME1400 S T A  13A
TIME1500 S T A  14A
TIME1600 S T A  15A
B E A U F O R T  W A T E R  ELSON STA.03
BEAUFORT WATER BARROW STA.13
BEAUFORT WATER BARROW STA.14
BEAUFORT WATER BARROW STA.15
TIME1400  S T A  3
B E A U F O R T  W A T E R  ELSON STA.02



BbJ109
BWIIO
BW1ll
Bldl12
BW113
Bblltfi
BW116
BW117
BW1 18
BM119
BW120
BW121
BW122
BW123
GBO1O1
GB0121
GB0134
GB0137
GB0146
GB01+8
GB201
GB202
GB203
GB204
GB206
GB207
GB21O
GB21 1
GB212
GB213
GB214
GB216
GB217
GB218
GB219
GB220
GB223
GB224
GB225
GB226
GWO1O1
GWO1O2
GWOI03
GWOI04
GWO1O5
GWO1O6
GW0119
GWO 124
GW0133
GWO 137
GW0145
GWO 148
GbJO 156
GW0159
GW20 1

71 21.60 156 21.00 04/10/76 “ ‘- - - ‘ - -

7 1  8 . 0 0  1 4 6  3 0 . 0 0
7 0  3 2 . 0 0  148 2 2 . 0 0
7 0  3 1 . 0 0  1 4 7  2 4 . 0 0
7 0  2 8 . 0 0  147 3 0 . 0 0
7 0  ft7.oo 147 0 . 0 0
7 1  3 6 . 0 0  1 5 2  1 2 . 0 0
7 1  4 6 . 0 0  1 5 1  5 2 . 0 0
7 1  2 6 . 0 0  1 5 2  2 2 . 0 0
71 1 9 . 0 0  1 5 2  3 3 . 0 0
7 1  8 . 0 0  1 5 2  5 5 . 0 0
7 1  2 3 . 0 0  1 5 3  5 0 . 0 0
7 1  2 3 . 0 0  1 5 4  2 2 . 0 0
7 1  34.50 1 5 5  3 5 . 0 0
5 9  1 8 . 6 0  1 5 2  2 3 . 4 8
5 6  43.6+ 155 2 7 . 9 8
5 5  33.58 158 3 9 . 9 5
5 4  5 5 . 0 3  157 5 8 . 5 4
5 4  4 9 . 5 0  1 6 1  1 1 . 7 7
5 4  2 3 . 6 9  1 6 0  49.26

5 9  5 0 . 3 0  !49 3 0 . 4 0
5 9  24.60 149 4 . 2 0
5 8  5 8 . 8 0  148 3 9 . 5 0
5 9  1 7 . 2 0  1 4 7  1 5 . 6 0
5 9  4 5 . 5 0  146 3 1 . 0 0
5 9  2 3 . 3 0  1 4 6  5 4 . 5 0
5 9  3 2 . 5 0  147 0 . 6 0
6 0  8 . 8 0  145 2 . 0 0
5 9  4 7 . 0 0  1 4 5  1 0 . 2 0
5 9  5 4 . 3 0  1 4 3  5 2 . 3 0
5 9  1 6 . 7 0  142 5 6 . 9 0
5 9  4 5 . 9 0  142 44.00
5 9  4 4 . 2 0  141 2 9 . 0 0
5 9  2 7 . 1 0  141 4 8 . 5 0

5 9  2 6 . 7 0  140 1 9 . 0 0
5 9  1 8 . 4 0  1 4 0  2 9 . 6 0

5 9  t8.60 152 2 3 . 4 8
5 9  10.10 152 4 . 4 5
5 9  0 . 5 5  151 48.15
5 8  5 0 . 0 0  151 2 6 . 1 5
5 8  40.11 151 7 . 3 2
5 8  2 8 . 7 4  150 4 9 . 2 8
5 7  6 . 0 1  156 0 . 5 8
5 6  7 . 0 1  154 3 9 . 9 3
5 5  4 4 . 8 2  158 4 9 . 3 3
5 4  5 5 . 0 3  1 5 7  5 8 . 5 4
5 5  1 . 0 0  161 1 9 . 8 0
5 4  2 3 . 6 9  160 49.24
5 4  2 9 . 0 0  165 11.40
5 3  51.98 164 3 3 . 7 1

04/14/76
04/12/76
04/12/76
04/12/76
04/1~/76
04/16/76
04/16/76
04/16/76
04/16176
04/18176
04/18/76
04/18/76
04/18/76
10/14/75
lo/q3/75
10/12/75
10/12/75
10/11/75
10/11/75
03/15/76
03!18/76
03/18176
03118/76
03/19/76
03/20/76
03/21/76
03/21176
03/21/76
03/22/76
03122/76
03123/76
03123/76
03/24/76
03/24/76
03125176
03/25/76
03/26176
03/26/76
03/26/76
10/14/75
10/14/75
lo/14f75
10/15/75
10/15/75
10/15/75
10/14/75
10/13/75
10/12/75
10/12/75
10/11/75
10/11/75
10)10/75
10/10/75
03/15/76

1.UU -Z.u
1.00 -2.0
1 . 0 0 - 1 . 5
1 . 0 0  - 2 . 0
1 . 0 0 - 1 . 5
1 . 0 0  - 2 . 0
1 . 0 0  - 2 . 0
1 . 0 0  - 2 . 0
1.00 - 2 . 0
1 . 0 0  - 2 . 0
1 . 0 0  - 2 . 0
1 . 0 0  - 2 . 0
1.00 - 2 . 0
1 . 0 0 - 1 . 5

9 1 . 0 0  9 . 3
2 3 0 . 5 0  4.7
1 5 4 . 0 0

9 9 . 0 0  7 . 7
7 5 . 0 0  7 . 8

1 0 9 . 7 0  5 . 5

1 9 0 . 0 0  4 . 3
183.00 4 . 6
2 1 7 . 0 0  5 . 0
2 5 1 . 8 0  5 . 3

7 0 . 5 0  4 . 3
3 0 2 . 3 0  4 . 9
3 0 8 . 6 0  5.1

4 5 . 8 0  3 . 7
1 5 8 . 1 0  4 . 6

ifY.u
2 3 . 0
2 8 . 0
2 8 . 0
29.0
17.0
24.0
20.5
19.0
19.8
25.5
28.0
29.0
28.0
30.8
33.5

31.9
31.7
32.5

7 5 . 9 0  4 . 4
2 2 8 2 . 0 0  2.1 3 4 . 6

1 2 7 . 8 0  6.8 3 2 . 2
3 1 . 9

3 2 . 4
3 2 . 8
3 3 . 8
3 3 . 8
3 2 . 3
3 2 . 5
3 2 . 7
3 1 . 9
3 2 . 3
3 2 . 1

4 0 . 3 0  4 . 2
1 7 4 . 9 0  5 . 8

2 . 0 0  9 . 1
2 . 0 0  9 . 2
2 . 0 0  9 . 3
2 . 0 0  8 . 4
2 . 0 0  8 . 4
2 . 0 0  7 . 7
2.:0 8 . 6
2 . 0 0  8 . 3
2 . 0 0  8 . 8
2 . 0 0  8 . 6
2 . 0 0  8 . 0
2 . 0 0  7 . 8
2 . 0 0  6 . 4
2 . 0 0  7 . 5
0 . 0 0  2 . 0

3 3 . 2

3 3 . 1
3 2 . 8

3 0 . 8
2 9 . 5
2 8 . 7
3 2 . 0
3 2 . 0

2 9 . 6
3 1 . 8
3 0 . 8
3 1 . 3
3 1 . 4
3 1 . 9
3 1 . 7
3 1 . 9
3 1 . 4

B E A U F O R T  W A T E R  ELSON STA.03
BEAUFORT WATER PRUDHOE STA.85
BEAUFORT WATER PRUDHOE STA.74
B E A U F O R T  W A T E R  PRUDHOE STA.81
B E A U F O R T  W A T E R  PRUDHOE STA.80
B E A U F O R T  MATER PRUDHOE STA.83
B E A U F O R T  W A T E R  P I T T  P T  STA.24
B E A U F O R T  W A T E R  P I T T  P T  STA.23
B E A U F O R T  MATER P ITT  PT  STA.22
B E A U F O R T  M A T E R  P I T T  PT STA.21
B E A U F O R T  W A T E R  P I T T  P T  STA.20
BEAUFORT WATER BARROW STA.17
BEAUFORT WATER BARROW STA.16
B E A U F O R T  blATER BARRObl  STA.14A
G U L F  O F  A L A S K A  STIOI S E D I M E N T
G U L F  O F  A L A S K A  ST121 S E D I M E N T
G U L F  OF A L A S K A  ST134 S E D I M E N T
G U L F  O F  A L A S K A  ST137 S E D I M E N T
G U L F  O F  A L A S K A  ST146 S E D I M E N T
G U L F  O F  A L A S K A  ST148 S E D I M E N T
G U L F  A L A S K A  S E D I M E N T  K O D I A K  B E A C H
G U L F  A L A S K A  S E D I M E N T  S T A T I O N  01
G U L F  A L A S K A  S E D I M E N T  S T A T I O N  0 4
G U L F  A L A S K A  S E D I M E N T  S T A T I O N  0 7
G U L F  A L A S K A  S E D I M E N T  S T A T I O N  5 9
G U L F  A L A S K A  S E D I M E N T  S T A T I O N  5 7
G U L F  A L A S K A  S E D I M E N T  S T A T I O N  5 3 A
G U L F  A L A S K A  S E D I M E N T  S T A T I O N  5 3 B
G U L F  A L A S K A  S E D I M E N T  S T A T I O N  5 2
G U L F  A L A S K A  S E D I M E N T  S T A T I O N  5 0
G U L F  A L A S K A  S E D I M E N T  S T A T I O N  4 2
G U L F  A L A S K A  S E D I M E N T  S T A T I O N  3 7
G U L F  A L A S K A  S E D I M E N T  S T A T I O N  4 1
G U L F  A L A S K A  S E D I M E N T  S T A T I O N  3 0
G U L F  A L A S K A  S E D I M E N T  S T A T I O N  3 2
G U L F  A L A S K A  S E D I M E N T  NYAKITAT  B E A C H
G U L F  A L A S K A  S E D I M E N T  S T A T I O N  2 8
G U L F  A L A S K A  S E D I M E N T  S T A T I O N  2 7
G U L F  A L A S K A  S E D I M E N T  HILDENBACH  B C H
G U L F  A L A S K A  S E D I M E N T  PRINCEldILL BCH
G U L F  O F  A L A S K A  S T 1 0 1  W A T E R
G U L F  O F  A L A S K A  S T 1 0 2  W A T E R
G U L F  O F  A L A S K A  ST103 W A T E R
G U L F  O F  A L A S K A  STI04 blATER
G U L F  O F  A L A S K A  S T 1 0 5  W A T E R
G U L F  O F  A L A S K A  S T 1 0 6  blATER
G U L F  O F  A L A S K A  ST119 W A T E R
G U L F  O F  A L A S K A  ST124 W A T E R
G U L F  O F  A L A S K A  ST133 W A T E R
G U L F  O F  A L A S K A  ST137 W A T E R
G U L F  O F  A L A S K A  ST145 W A T E R
G U L F  O F  A L A S K A  ST148 W A T E R
G U L F  O F  A L A S K A  ST156 W A T E R
G U L F  O F  A L A S K A  ST159 W A T E R
GULF ALASKA WATER KODIAK BEACH



GkJ202
GW203
GW204
GW205
GW206
GW207
GW208
GW209
GW210
Gb121 1
GM212
GW213
GW214
GW215
GW216
GW217
GW218
GW219
GbJ220
GLJ221
GW222
GW223
GW224
GW225
GW226
GW227
B B 2 0 1
BB203
BB204
BB205
BB206
BB207
BB208
BB212
BB214
BB215
BB2f6
BB217
BB219
BB220
BW201
BlI1202
BW203
BU204
BW205
Bb1206
BW207
BN208
BW209
BW2 10
BW21  1
BW212
BW213
BW214
BW215

5 9  5 0 . 3 0  ~49 3 0 . 4 0
5 9  2 4 . 6 0  1 4 9  4 . 2 0
5 8  5 8 . 8 0  148 3 9 . 5 0
5 9  3 8 . 3 0  1 4 7  4 8 . 0 0
5 9  1 7 . 2 0  1 4 7  1 5 . 6 0
5 9  4 5 . 5 0  146 31.00
6 0  4 . 7 0  146 4 4 . 4 0

5 9  2 3 . 3 0  146 5 4 . 5 0
5 9  3 2 . 5 0  147 0 . 6 0
60 8.80 145 2.00
5 9  4 7 . 0 0  145 10.20
5 9  5 4 . 3 0  143 5 2 . 3 0
5 9  38.10 144 2 . 0 0
5 9  1 6 . 7 0  142 5 6 . 9 0
5 9  4 5 . 9 0  142 4 4 . 0 0
5 9  4 4 . 2 0  141 2 9 . 0 0
5 9  2 7 . 1 0  1 4 1  4 8 . 5 0
5 9  4 4 . 7 0  140 7 . 5 0
5 9  3 3 . 2 0  139 4 8 . 8 0
59 3 4 . 5 0  140 6 . 6 0
5 9  2 6 . 7 0  140 19.00
5 9  18.ftO 1 4 0  2 9 . 6 0
6 0  2 0 . 8 0  146 3 8 . 4 0
6 0  2 0 . 6 0  146 3 8 . 5 0
6 0  2t.40 146 3 7 . 4 0
7 0  3 6 . 0 0  148 1 2 . 0 0
7 0  3 2 . 0 0  $47 3 3 . 0 0
7 0  3 9 . 0 0  1 4 7  3 7 . 0 0
7 0  5 7 . 0 0  149 3 3 . 0 0
7 0  5 7 . 0 0  1 4 9  3 3 . 0 0
7 1  8 . 0 0  1 5 1  t9.00
7 1  4 3 . 0 0  151 4 7 . 0 0
71 2 2 . 0 0 . 1 5 2  2 0 . 0 0
7 1  1 9 . 0 0  152 3 2 . 0 0
71 8 . 0 0  1 5 2  5 7 . 0 0
7 1  2 3 . 0 0  154 2 1 . 0 0
7 1  3 6 . 0 0  1 5 5  3 2 . 0 0
7 1  2 1 . 0 0  ? 5 6  3 2 . 0 0
7 1  21.00 1 5 6  2 6 . 0 0
7 0  3 6 . 0 0  148 12.00
7 0  3 6 . 0 0  148 ~2.00
7 0  3 2 . 0 0  147 33.oo
7 0  3 9 . 0 0  147 3 7 . 0 0
7 0  5 7 . 0 0  149 3 3 . 0 0
7 0  5 7 . 0 0  149 3 3 . 0 0
7 1  8 . 0 0  1 5 1  1 9 . 0 0
7 1  4 3 . 0 0  1 5 1  4 7 . 0 0
7 1  4 3 . 0 0  1 5 1  4 7 . 0 0
7 1  3 3 . 0 0  1 5 2  3 . 0 0
7 1  3 3 . 0 0  1 5 2  3 . 0 0
7 1  2 2 . 0 0  1 5 2  2 0 . 0 0
7f 2 2 . 0 0  1 5 2  2 0 . 0 0
71 1 9 . 0 0  152 3 2 . 0 0
7 1  8 . 0 0  1 5 2  5 7 . 0 0

0 3 / 1 8 / 7 6
0 3 / 1 8 / 7 6
0 3 / 1 8 / 7 6
03/18/76
0 3 / 1 9 / 7 6
0 3 / 2 0 / 7 6
0 3 / 1 9 / 7 6
0 3 / 2 0 / 7 6
03/21/76
03121176
03/21/76
0 3 / 2 2 / 7 6
03122/76
0 3 / 2 2 / 7 6
0 3 / 2 3 / 7 6
0 3 / 2 3 / 7 6
0 3 / 2 4 / 7 6
0 3 / 2 4 1 7 6
03/25176
0 3 / 2 5 / 7 6
0 3 / 2 5 / 7 6
0 3 / 2 5 / 7 6
03/26/76
03/26/76
03126/76
0 3 / 2 6 / 7 . 6
0 8 / 2 4 / 7 6
0 8 1 2 5 / 7 6
08/26176
0 8 / 2 7 / 7 6
0 8 / 2 7 / 7 6
0 8 / 2 8 / 7 6
0 8 / 2 9 / 7 6
0 8 / 3 0 / 7 6
08131/76
0 9 / 0 1 / 7 6
0 9 / 0 2 / 7 6
0 9 / 0 2 / 7 6
0 9 / 0 8 / 7 6
0 9 / 0 8 / 7 6
0 8 / 2 3 / 7 6
0 8 / 2 4 1 7 6
0 8 / 2 5 / 7 6
0 8 / 2 6 / 7 6
0 8 / 2 7 / 7 6
08127/76
0 8 1 2 8 / 7 6
08/29/76
08/29/76
0 8 / 3 0 / 7 6
0 8 / 3 0 / 7 6
0 8 / 3 0 / 7 6
0 8 / 3 0 / 7 6
0 8 / 3 1 / 7 6
0 9 / 0 1 / 7 6

2 . 0 0  3 . 0
2 . 0 0  3 . 5
2 . 0 0  3 . 5
1.00 3 . 5
2 . 0 0  4 . 0
2 . 0 0  4 . 0
1.00 4 . 0
0 . 0 0  3 . 0
2 . 0 0  3 . 0
2 . 0 0  3 . 0
2 . 0 0  3 . 2
2 . 0 0  3 . 4
2 . 0 0  4 . 1
1 . 0 0  3 . 0
2 . 0 0  4 . 5
2 . 0 0  4 . 5
2 . 0 0  3 . 8
2 . 0 0  4 . 5
0 . 0 0  3 . 0
0 . 0 0  4 . 0
2 . 0 0  4 . 2
2 . 0 0  4 . 7
2 . 0 0  4 . 8
0 . 0 0  5 . 0
0 . 0 0  5 . 0
0 . 0 0  3 . 2

16.00 -1.4
2 5 . 0 0  0 . 6
2 5 . 0 0  - 1 . 6
3 0 . 0 0
3 0 . 0 0  - 1 . 1
3 4 . 0 0  - 0 . 6

1 7 0 0 . 0 0  - 0 . 2
7 4 . 0 0  - 0 . 9
5 2 . 0 0  - 0 . 3
4 0 . 0 0  0 . 3
2 2 . 0 0  2.t

171,00 0 . 2
2 . 0 0  2 . 0
2 . 0 0  2 . 0
1 . 0 0  - 0 . 2
1 . 0 0  - 0 . 2
1 . 0 0 - 1 . 3
1 . 0 0  0 . 3
1 . 0 0  0 . 3
1 . 0 0  0 . 4
1 . 0 0  0 . 7
1 . 0 0  0 . 3

1 5 . 0 0  - 1 . 0
1 . 0 0  0 . 4

1 5 . 0 0  0 . 4
1 . 0 0  0 . 5

1 5 . 0 0  2 . 7
1 . 0 0  0 . 3
1 . 0 . 0  1.8

3f.7
3 2 . 2
3 2 . 3
3 2 . 1
3 2 . 2
3 2 . 1
3 1 . 9
3 1 . 1
3 1 . 8
31,8
3 1 . 8
3 1 . 8
3 2 . 1
3 2 . 2
3 2 . 5
3 2 . 1
3 1 . 7
3 2 . 2
3 0 . 8
3 0 . 8
3 2 . 0
3 2 . 2
3 2 . 2
3 1 . 1
3 0 . 7
3 1 . 3
3 0 . 3
3 1 . 7
3 9 . 2

3 1 . 6
3 0 . 7
3 4 . 8
3 2 . 2
3 1 . 5
3 0 . 1
29.4
3 2 . 0
2 4 . 5
2 5 . 5
1 0 . 0
1 0 . 0

HI
1 0 . 8

7 . 6
1 9 . 0
1 0 . 2
2 9 . 5
1 3 . 0
2 2 . 0
1 5 . 7
2 8 . 8
1 7 . 4
2 0 . 5

G U L F  A L A S K A  MATER S T A T I O N  01
GULF  ALASKA WATER STAT ION 04
GULF  ALASKA WATER STAT ION 07
TIME2t45 S T A  6 8
G U L F  A L A S K A  W A T E R  S T A T I O N  5 9
G U L F  A L A S K A  MATER  S T A T I O N  5 7
TIME1940 S T A  5 5
GULF ALASKA WATER SEWARD BEACH
G U L F  A L A S K A  L4ATER S T A T I O N  5 3 A
GULF  ALASKA WATER STAT ION 53B
G U L F  A L A S K A  W A T E R  S T A T I O N  5 2
GULF  ALASKA WATER STAT ION 50
G U L F  A L A S K A  W A T E R  S T A T I O N  4 2
TIME1130 S T A  4 4
G U L F  A L A S K A  M A T E R  S T A T I O N  3 7
GULF  ALASKA WATER STAT ION 41
G U L F  A L A S K A  W A T E R  S T A T I O N  3 0
G U L F  A L A S K A  W A T E R  S T A T I O N  3 2
GULF  ALASKA WATER N  YAKITAT B E A C H
G U L F  A L A S K A  MATER S YAKITAT bEACH
G U L F  A L A S K A  W A T E R  S T A T I O N  2 9
G U L F  A L A S K A  W A T E R  S T A T I O N  2 8
GULF A L A S K A  W A T E R  S T A T I O N  2 7
GV’.F ALASKA WATER HILDENBACH  B E A C H
GL..F A L A S K A  W A T E R  PRINCE blILLBEACH
GULF ALASKA WATER PRINCE WILLBEACH
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT
BEAUFORT

PRUDHOE  B A Y  S E D I M E N T  S T A  74
P R U D H O E  B A Y  S E D I M E N T  STA 80
PRUDHOE  B A Y  S E D I M E N T  S T A  81
COLVILLE  R .  S E D I M E N T  S T A  4 1
COLVILLE  R .  S E D I M E N T  S T A  41
COLVILLE  R .  S E D I M E N T  S T A  31
P I T T  P T .  S E D I M E N T  S T A  2 4
P I T T  P T .  S E D I M E N T  STA  2 2
P I T T  P T .  S E D I M E N T  S T A  2 1
P I T T  PT. .SEDIMENT S T A  2 0
P T .  B A R R O W  S E D I M E N T  S T A  16
P T .  B A R R O W  S E D I M E N T  S T A  1 5
ELSON  I.AGOONSEDIMENT S T A  01
ELSON  LAGOONSEDIMENT STA 0 2
PRUDHOE  B A Y  W A T E R  S T A 7 4
PRUDHOE BAY WATER STA74
PRUDHOE  B A Y  W A T E R  STA80
PRUDHOE  B A Y  MATER STA8t
COLVILLE  R .  W A T E R  STA41
COLVILLE  R .  W A T E R  STA41
COLVILLE  R .  W A T E R  STA31
P I T T  P T .  W A T E R  S T A 2 4
P I T T  P T . 1 5  W A T E R  STA24
P I T T  P T .  W A T E R  s T A 2 3
P I T T  P T . 1 5  W A T E R  STA23
P I T T  P T .  W A T E R  S T A 2 2
P I T T  P T . 1 5  W A T E R  STA22
P I T T  P T .  W A T E R  S T A 2 1
P I T T  P T .  W A T E R  STA20



BW216
BW217
BW218
BW219
BW220
GB301
GB303
GB304
GB308
GB311
GB312
GB313
GB318
GB319
GB320
GB324
GB325
GB327
GB328
GB329
GB333
GB334
GB335
GW301
GW302
GW303
GM304
GW305
GW306
Gb1307
GW308
:;:0;

GW31 1
GW312
GW313
GW314
GW315
GW316
Gb1317
GW318
GW319
GW320
Gb132  t
GW322
GW323
GW324
GW325
GW326
GW327
GW328
GW329
GW330
GW331
GW332

71 2 3 . 0 0  1 5 4  2 1 . 0 0
7 1  3 6 . 0 0  1 5 5  3 2 . 0 0
7 1  3 6 . 0 0  1 5 5  3 2 . 0 0
71 2 1 . 0 0  1 5 6  3 2 . 0 0
7 1  2 1 . 0 0  156 2 6 . 0 0
5 9  6 . 0 0  152 4 7 . 0 0
5 9  2 0 . 0 0  152 4 4 . 0 0
5 9  3 3 . 0 0  1 5 3  2 4 . 0 0
5 9  4 4 . 0 0  153 2 1 . 0 0
5 9  1 5 . 0 , 0  153 4 0 . 0 0
5 9  3 8 . 0 0  152 3 3 . 0 0
5 9  4 2 . 0 0  151 9 . 0 0
5 9  3 4 . 0 0  1 5 1  4 4 . 0 0
5 9  3 3 . 0 0  152 9 . 0 0

5 9  5 0 . 0 0  1 5 3  1 6 . 0 0
5 9  2 1 . 0 0  1 5 3  1 5 . 0 0
5 9  1 0 . 2 0  1 5 3  8 . 5 0
5 9  1 5 . 0 0  1 5 3  4 0 . 0 0
58 5 9 . 7 0  152 5 2 . 8 0

5 8  4 6 . 0 0  151 1 0 . 0 0
5 9  6 . 0 0  152 4 7 . 0 0
5 9  2 0 . 0 0  152 1 2 . 0 0
5 9  2 0 . 0 0  152 4 4 . 0 0
5 9  3 3 . 0 0  1 5 3  2 4 . 0 0
5 9  3 8 . 8 0  1 5 3  2 5 . 0 0
5 9  3 8 . 8 0  153 2 5 . 0 0
5 9  4 4 . 2 0  153 2 1 . 5 0
5 9  4 4 . 0 0  153 Zt.oo
5 9  2 2 . 0 0  1 5 3  5 9 . 0 0
5 9  2 2 . 0 0  153 5 9 . 0 0
5 9  1 5 . 0 0  1 5 3  4 0 . 0 0
5 9  3 8 . 0 0  152 3 3 . 0 0
5 9  4 2 . 0 0  1 5 1  9 . 0 0
5 9  3 4 . 7 0  151 11.10
5 9  3 5 . 0 0  $51 11.00
5 9  3 6 . 4 0  151 2 4 . 0 0
5 9  3 6 . 0 0  t51 2 5 . 0 0
5 9  3 4 . 0 0  151 4 4 . 0 0
5 9  3 3 . 0 0  152 9 . 0 0
6 0  0 . 0 0  152 1 0 . 0 0
6 0  2 . 3 0  151 4 5 . 9 0
6 0  4 0 . 0 0  151 2 6 . 0 0
6 0  3 1 . 0 0  151 5 0 . 0 0
5 9  5 0 . 3 0  153 1 5 . 0 0
5 9  5 0 . 0 0  1 5 3  1 6 . 0 0
5 9  5 0 . 4 0  152 5 9 . 5 0
5 9  2 1 . 0 0  153 1 5 . 0 0
5 9  10.20 153 8 . 5 0
5 9  1 5 . 0 0  1 5 3  4 0 . 0 0
5 9  2 0 . 8 0  152 4 3 . 7 0
5 8  1 5 . 9 0  154 1 6 . 4 0
5 8  1 5 . 9 0  1 5 4  1 6 . 4 0

0 9 / 0 2 / 7 6
0 9 / 0 2 / 7 6
0 9 / 0 2 / 7 6
0 9 / 0 8 / 7 6
0 9 / 0 8 / 7 6
1 0 / 1 8 / 7 6
1 0 / 1 9 / 7 6
1 0 / 2 0 / 7 6
1 0 / 2 0 / 7 6
1 0 / 2 1 / 7 6
1 0 / 2 2 / 7 6
1 0 / 2 2 / 7 6
10/22/76
1 0 / 2 3 / 7 6
1 0 / 7 6

1 0 / 2 4 / 7 6
1 0 / 2 5 / 7 6
1 0 / 2 5 / 7 6
1 0 / 2 5 / 7 6
1 0 / 2 7 / 7 6

1 0 / 2 8 / 7 6
1 0 / 1 8 / 7 6
1 0 / 1 9 / 7 6
1 0 / 1 9 / 7 6
1 0 / 2 0 / 7 6
1 0 / 2 0 / 7 6
1 0 / 2 0 / 7 6
1 0 / 2 0 / 7 6
1 0 / 2 0 / 7 6
10/21/76
1 0 / 2 1 / 7 6
1 0 / 2 1 / 7 6
1 0 I 2 2 I 7 6
1 0 / 2 2 / 7 6
1 0 / 2 2 / 7 6
1 0 / 2 2 / 7 6
1 0 / 2 2 / 7 6
1 0 / 2 2 / 7 6
1 0 / 2 2 / 7 6
1 0 / 2 3 / 7 6
1 0 / 2 3 / 7 6
10/23/76
1 0 / 2 4 / 7 6
1 0 / 2 4 / 7 6
1 0 / 2 4 / 7 6
1 0 / 2 4 / 7 6
1 0 / 2 4 / 7 6
1 0 / 2 5 / 7 6
1 0 / 2 5 / 7 6
1 0 / 2 5 / 7 6
1 0 / 2 5 / 7 6
1 0 / 2 6 / 7 6
1 0 / 2 6 / 7 6

1 . 0 0
1 . 0 0

1 5 . 0 0
1 . 0 0
1 . 0 0

1 4 8 . 0 0
7 3 . 0 0
2 8 . 0 0

0 . 0 0
31.00
7 5 . 0 0
2 8 . 0 0
8 8 . 0 0
4 5 . 0 0

0 . 0 0
4 4 . 0 0
8 4 . 0 0
3 4 . 0 0

1 7 0 . 0 0

1 2 0 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
0 . 0 0
0 . 0 0
0 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
0 . 0 0
1 . 0 0
0 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
t o o
1 . 0 0
0 . 0 0
1 . 0 0
t o o
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0

- 0 . 7
2 . 0
2 . 0
8 . 5

1 0 . 0
8 . 4
6 . 5
9 . 1

1 0 . 0
9 . 3

!:;

6 . 0
9 . 0
9 . 0

;::

7 . 5
9 . 0
9 . 5

:::
8 . 0
8 . 0
5 . 5

1:::
1 2 . 0

5 . 5
9 . 5

1:::
9 . 5

1 2 . 0
1 2 . 0

9 . 5
9 . 5
9 . 0

:::

::!
6 . 0
8 . 0
9 . 0

;:!

1 7 . 4

2::;
2 4 . 5
2 5 . 5

2 7 . 0
2 6 . 0

2 3 . 2
2 6 . 0
2 6 . 0
2 8 . 0
2 8 . 0

2 6 . 0
2 7 . 0
2 6 . 5
2 2 . 5

2 8 . 0
2 7 . 5
2 7 . 0
2 7 . 0
2 5 . 0
2 3 . 3
2 3 . 3
2 2 . 5
2 2 . 0
2 1 . 0
2 0 . 5
2 8 . 0
2 6 . 2
2 4 . 0
2 5 . 0
2 4 . 0
2 4 . 0
2 3 . 0
2 7 . 0
2 7 . 0
2 6 . 0
2 0 . 5
2 1 . 0
1 9 . 5
1 6 . 3
1 7 . 0
2 3 . 0
2 6 . 0
2 7 . 5
2 5 . 0
2 8 . 0
1 8 . 0
1 8 . 0

B E A U F O R T  P T .  B A R R O W  blATER STA16
BEAUFORT PT .  BARROW WATER STA15A
B E A U F O R T  P T .  BARROW15WATER  STA15A
B E A U F O R T  ELSON LAGOONbJATER  STAO1
BEAUFORT ELSON L A G O O N W A T E R  STA02
C O O K  I N L E T  S E D I M E N T  STA.205
C O O K  I N L E T  S E D I M E N T  STA.215
C O O K  I N L E T  S E D I M E N T  STA.212
C O O K  I N L E T  SEDIIIENT S T A .  M  B E A C H
C O O K  I N L E T  S E D I M E N T  STA.204LOW  T I D E
C O O K  I N L E T  S E D I M E N T  STA.225
C O O K  I N L E T  S E D I M E N T  STA.229
C O O K  I N L E T  S E D I M E N T  S T A . 2 2 7
C O O K  I N L E T  S E D I M E N T  STA.226
C O O K  I N L E T  S E D I M E N T  STA.2115

COOK INLET SEDIMENT STA.  1  B E A C H
COOK INLET SEDIMENT STA.214
TIME0130  S T A  2 0 6
C O O K  I N L E T  S E D I M E N T  STA.204HIGH T I D E
TIME2200 S T A  2 0 7

C O O K  I N L E T  S E D I M E N T  S T A . 1 0 5
COOK INLET  WATER STA.205
C O O K  I N L E T  ldATER STA.216
COOK INLET  WATER STA.215
C O O K  I N L E T  ldATER STA.212
TIME1130 S T A  R
TIME1130 S T A  R
TINE1245  S T A  M
COOK INLET WATER STA.  M BEACH
C O O K  I N L E T  W A T E R  S T A .  I  B E A C H  O N
C O O K  I N L E T  IIJATER  S T A .  I  B E A C H  O F F
C O O K  I N L E T  W A T E R  STA.204LO14 T I D E
C O O K  I N L E T  blATER STA.225
C O O K  I N L E T  W A T E R  STA.229
T I M E 1 O O O  S T A  J
C O O K  I N L E T  W A T E R  S T A .  J  B E A C H
TIME1130 S T A  K
C O O K  I N L E T  W A T E R  S T A .  K  B E A C H
C O O K  I N L E T  W A T E R  STA.227
C O O K  I N L E T  W A T E R  S T A . 2 2 6
C O O K  I N L E T  W A T E R  STA.245
TIME1245 S T A  2 4 6
C O O K  I N L E T  W A T E R  STA.266
C O O K  I N L E T  W A T E R  STA.265
TIME1420 S T A  L
C O O K  I N L E T  W A T E R  S T A .  L  B E A C H
TIME1524 S T A  Q
COOK INLET  WATER STA.214
TIME0130 S T A  2 0 6
C O O K  I N L E T  W A T E R  STA.204HIGH T I D E
T I M E 1 O O O  S T A  215
TIME1530 S T A  P
TIME1530 S T A  P



GW333
GW334
GW335
GW336
GW337
NBO02
NBO03
NBO04
NBO07
NB016
N B 0 2 1
NB024
N B 0 2 7
NB031
NB036
NB040
NB045
NB047
NB049
N B 1 0 1
N B 1 0 3
N B 1 0 7
NB1ll
NB113
NB115
NB117
NB119
NB124
NB126
NB127
NB128
NB129
NB130
NB131
tiB132
NB133
NB134
NB135
N B 1 3 7
NB 138
NB139
NB140
NB141
NB143
NB145
NB147
NBl~9
NB151
NB152
NB153
NB154
NB156
NB157
NB158
NB161

5 8  5 9 . 7 0
5 9  2 . 7 0
5 8  4 6 . 0 0
5 8  5 0 . 2 0
5 8  5 5 . 3 0
6 4  1 1 . 2 0
6 3  5 9 . 8 0
6 3  4 8 . 4 0
6 3  3 9 . 2 0
6 4  11.60
6 4  12.10
6 4  2 8 . 0 0
6 4  2 5 . 5 0
6 3  2 0 . 3 0
6 3  4 0 . 0 0
6 4  4 0 , 3 0
6 3  2 3 . 0 0
6 2  5 9 . 9 0
6 4  20.10
6 4  1 2 . 1 0
6 4  1 2 . 0 0
6 4  6 . 6 0
64 14.10
6 4  1 9 . 7 0
6 4  19.90
6 4  1 9 . 9 0
64 2 0 . 0 0
6 4  2 6 . 8 0
6 3  5 9 . 6 0
6 3  5 0 . 3 0

6 3  2 0 . 2 0
6 4  0 . 3 0
6 4  1 9 . 2 0
6 3  3 9 . 9 0
63 4 0 . 1 0
6 4  1 4 . 7 0
6 4  1 1 . 0 0
6 4  0 . 2 0
6 3  4 0 . 3 0

63 8.00
64 8.20
64 20.20
63 40.00
63 19.90
62 39.80
63 20.00

64 0.10
63 59.50

63 39.70
64 0.20
64 40.20

1 5 2  5 2 . 8 0
1 5 1  5 8 . 7 0
151 10.00
1 5 1  2 1 . 3 0
152 0 . 1 0
1 6 1  2 5 . 7 0
~62 0 . 6 0
1 6 1  2 3 . 0 0
1 6 3  1 4 . 6 0
165 1 . 7 0
1 6 5  3 0 . 5 0
1 6 6  6 . 1 0
1 6 6  2 6 . 9 0
166 0 . 3 0
167 1 . 8 0
1 6 7 1 . 8 0
1 6 8  29.00.
168 0 . 9 0
1 6 9  0 . 3 0
1 6 6  2 7 . 7 0
1 6 5  5 9 . 7 0
1 6 5  3 0 . 4 0
1 6 5  1 6 . 6 0
165 1 . 0 0
1 6 5  2 3 . 2 0
1 6 5  4 2 . 4 0
1 6 5  5 9 . 8 0
165 4 1 . 7 0
1 6 4  5 8 . 5 0
1 6 5  41.70

1 6 5  1 2 . 4 0
1 6 3  4 . 0 0
1 6 2  0 . 5 0
1 6 1  1 7 . 8 0
161 5 8 . 9 0
163 6 . 1 0
163 1 . 7 0
1 6 4  0 . 1 0
163 5 9 . 1 0

163 1 6 . 0 0
1 6 4  0 . 0 0
1 6 4 1 . 3 0
t65 0 . 5 0
1 6 5  1 1 . 6 0
165 4 0 . 1 0
167 1 . 5 0

169 0 . 9 0
168 1 . 3 0

1 6 5  5 9 . 1 0
165 5 9 . 7 0
168 0 . 8 0

1 0 / 2 7 / 7 6
1 0 / 2 8 / 7 6
1 0 / 2 8 / 7 6
1 0 / 2 8 / 7 6
1 0 / 2 8 / 7 6
0 7 / 7 9
07/79
0 7 / 7 9
07/79
07/79
0 7 / 7 9
07/79
07/79
07/79
07/79
07/79
07/79
07/79
0 7 / 7 9
07/79
07/79
07/79
07/79
07/79
07/79
07179
07/79
07/79
07/79
07179
07179
0 7 / 7 9
07179
0 7 / 7 9
0 7 / 7 9
07/79
07179
07/79
07/79
0 7 / 7 9

07f79
07/79
0 7 / 7 9
07/79
07/79
07/79
0 7 / 7 9

07/79
0 7 / 7 9
07/79
0 7 / 7 9
07/79
0 7 / 7 9

1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0

1 8 . 0 0
2 0 . 0 0

16.50
1 7 . 0 0
2 0 . 0 0

2 7 . 0 0

2 6 . 0 0

2 4 . 0 0
4 0 . 0 0
2 6 . 0 0
1 9 . 0 0
1 9 . 0 0
18.00
3 1 . 0 0
2 6 . 0 0
2 2 . 0 0
2 1 . 0 0
2 6 . 0 0
1 8 . 0 0
2 0 . 0 0
2 7 . 0 0
1 5 . 0 0
2 0 . 0 0
1 7 . 0 0
1 2 . 8 0
13.00
2 0 . 0 0
2 4 . 0 0
1 7 . 0 0
1 3 . 0 0

2 . 0 0
2 2 . 0 0
1 7 . 0 0

1 . 0 0
13.00
2 6 . 0 0

3 5 . 0 0
3 6 . 0 0

2 6 . 0 0
2 2 . 0 0
3 8 . 0 0

8 . 0  2 3 . 7
7 . 5  2 4 . 0
9 . 0  2 5 . 5
8 . 0  2 7 . 5
5 . 0  2 7 . 5

1 0 . 4  2 1 . 2
7 . 2  3 1 . 2

9 . 8  2 6 . 1
8 . 6  3 0 . 0
7 . 2  2 9 . 6

8 . 8  2 9 . 8

5 . 0  3 1 . 3

5 . 1  3 1 . 7
5 . 1  3 1 . 8
6 . 3  3 0 . 1
6 . 6  3 0 . 0
7 . 2  2 9 . 7
8.1 3 0 . 0

;:; ::::
8 . 5  3 0 . 1
8 . 0  2 9 . 6
9 . 5  2 9 . 5
9 . 1  2 9 . 0

8 . 6  2 9 . 5
8 . 2  3 0 . 7
9 . 7  2 5 . 7

1 0 . 4  2 1 . 0
1 0 . 0  2 6 . 3

9 . 6  2 7 . 1
8.1 3 0 . 2
8 . 6  3 0 . 2
9 . 8  2 7 . 0

8 . 2  3 0 . 8
1 0 . 2  2 7 . 9

9 . 1  2 8 . 9

9 . 2  2 8 . 8
5 . 1  3 1 . 4

5.1 3 2 . 0
5 . 1  3 1 . 9

5 . 2  3 1 . 5
6 . 4  3 0 . 4
5 . 0  3 1 . 8

TIME2200 S T A  2 0 7
TIME0230 S T A  106
C O O K  I N L E T  W A T E R  S T A . 1 0 5
T I M E 1 0 3 O  S T A  O
TIMEI030 S T A  O
NORTON SOUND STA 02  SEDIMENT
NORTON SOUND STA 03  SEDIMENT
NORTON SOUND STA 04  SEDIMENT
NORTON SOUND STA 07  SEDIMENT
N O R T O N  SOUNO  STA f6 S E D I M E N T
N O R T O N  S O U N D  S T A  21 S E D I M E N T
NORTON SOUND STA 24  SEDIMENT
N O R T O N  S O U N D  STA  27 SEDIMENT
N O R T O N  S O U N D  S T A  31  S E D I M E N T
NORTON SOUND STA 36  SEDIMENT
N O R T O N  SOUND  S T A  4 0  S E D I M E N T
NORTON SOUND STA 45  SEDIMENT
NORTON SOUND STA 47  SEDIMENT
N O R T O N  S O U N D  S T A  4 9  S E D I M E N T
N O R T O N  S O U N D  S T A  2 8  S E D I M E N T
N O R T O N  S O U N D  S T A  2 6  S E D I M E N T
N O R T O N  S O U N D  S T A  2 0  SEDIPiENT
N O R T O N  S O U N D  S T A  19  S E D I M E N T
N O R T O N  S O U N D  S T A  17 S E D I M E N T
N O R T O N  S O U N D  S T A  1 8  S E D I M E N T
N O R T O N  S O U N D  S T A  2 2  S E D I M E N T
N O R T O N  S O U N D  S T A  2 5  S E D I M E N T
N O R T O N  S O U N D  S T A  2 3  S E D I M E N T
NORTON SOUND STA 15  SEDIMENT
NORTON SOUND STA A29  SEDIMENT
N O R T O N  SOUND  S T A  2 9 B  S E D I M E N T
N O R T O N  S O U N D  S T A  1 3  S E D I M E N T
NORTON SOUND STA 08  SEDIMENT
N O R T O N  S O U N D  S T A  0 1  S E D I M E N T
NORTON SOUND STA 05  SEDIMENT
NORTON SOUND STA 06  SEDIMENT
NORTON SOUND STA 09  SEDIMENT
NORTON SOUND STA 9A SEDIMENT
NORTON SOUND STA 11  SEDIMENT
N O R T O N  S O U N D  S T A  12 S E D I M E N T

NORTON SOUND STA S7  SEDIMENT
N O R T O N  S O U N D  S T A  fOA S E D I M E N T
NORTON SOUND STA 10  SEDIMENT
N O R T O N  S O U N D  S T A  14 S E D I M E N T
N O R T O N  S O U N D  S T A  S13 S E D I M E N T
NORTON SOUND STA A32  SEDIMENT
N O R T O N  S O U N D  S T A  34 S E D I M E N T

NORTON SOUND STA 48  SEDIMENT
NORTON SOUND STA 43  SEDIMENT
N O R T O N  S O U N D  S T A  3 8  SEDINENT
NORTON SOUND STA 30  SEDIMENT
NORTON SOUND STA 29  SEDIMENT
NORTON SOUND STA 4?  SEDIMENT



NB162
NB163
NWA29
NWB29
Nbloo2
NWO03
NWOO4
Nb.JO07
Nblo 13
NIIJ047
NW049
NW101
NM102
NW103
Nbl104
NW105
NU106
NW107
NW108
NW109
NWI1O
NWII1
NW112
NW113
NW114
NW1!5
Nwlt6
NW117
NW1 18
NW119
NW120
NW121
NU122
NW123
NW124
NW125
NW129
NW130
NW131
NW132
Nld133
NW134
NW135
NW136
NU137
NW138
NW139
NU140
NW141
NW142
NW143
Nbl144
NU145
NW146
NlIJ147

6 4  3 9 . 6 0
6 4  2 0 . 0 0
6 3  5 0 . 3 0
6 3  4 6 . 1 0
6 4  11.20
6 3  5 9 . 8 0
6 3  4 8 . 4 0
6 3  3 9 . 2 0
6 3  2 0 . 2 0
6 2  5 9 . 9 0
6 4  2 0 . 1 0
64 1 2 . 1 0

6 4  1 2 . 0 0

168 5 9 , 8 0
1 6 7  5 9 . 6 0
1 6 5  4 1 . 7 0
166 7 . 2 0
161 2 5 . 7 0
1 6 2  0 . 6 0
1 6 1  2 3 . 0 0
1 6 3  1 4 . 6 0
1 6 5  1 2 . 4 0
168 0 . 9 0
169 0 . 3 0
1 6 6  2 7 . 7 0

1 6 5  5 9 . 7 0

165 3 1 . 0 0
1 6 5  4 5 . 7 0
1 6 5  3 0 . 0 0

0 7 / 7 9
07179
07/79
0 7 / 7 9
0 7 / 7 9
0 7 / 7 9
0 7 / 7 9
07/79
07179
0 7 / 7 9
0 7 / 7 9
0 7 / 7 9

07/79

4%.00 5 . 0
3 6 . 0 0  5 . 1

3 2 . 1
3 1 . 8

N O R T O N  S O U N D  S T A  5 0  S E D I M E N T
N O R T O N  S O U N D  S T A  4 2  S E D I M E N T
N O R T O N  S O U N D  STA A29  WATER
NORTON SOUND STA B29  WATER
NORTON SOUND STA 02  WATER
NORTON SOUND STA 03  WATER
NORTON SOUND STA 04  WATER
NORTON SOUND STA 07  WATER
NORTON SOUND STA 13  W A T E R
NORTON SOUND STA 47  WATER
NORTON SOUND STA 49  WATER
NORTON SOUND STA 28  WATER

1 . 5 0  11.1 1 9 . 3
2 3 . 11 . 3 0  1 0 . 8

1 . 3 0  1 1 . 2
1 . 0 0  1 0 . 4

2 2 . 2
2 1 . 0

1 . 4 0  8 . 6
2 . 0 0  6 . 3
1 . 1 0  4 . 6
1 . 0 0  6 . 9

2 9 . 4
3 1 . 6
3 1 . 6
3 0 . 0

1 . 8 0  7 . 8 2 9 . 4 NORTON SOUND STA 26  WATER

NORTON SOUND STA 21  WATER
NORTON SOUND STA 221 B O T T O M  W A T E R
NORTON SOUND STA 20  WATER

NORTON SOUND STA 16 W A T E R

NORTON SOUND STA 19  WATER

6 4  $2.10
6 4  1 6 . 1 0
6 4  7.10

6 4  1 1 . 6 0

6 4  14.10

6 4  1 9 . 7 0

0 7 / 7 9
0 7 / 7 9
0 7 / 7 9

1 . 9 0  8 . 2
1 8 . 0 0  7 . 2

2 . 3 0  7 . 2

2 8 . 7
2 9 . 6
2 9 . 7

165 1 . 7 0

1 6 5  1 6 . 6 0

165 1 . 0 0

1 6 5  2 1 . 7 0

1 6 5  4 2 . 4 0

1 6 5  5 9 . 8 0

1 6 6  2 6 . 9 0
1 6 6  6 . 1 0

365 4 1 . 7 0

0 7 / 7 9 1 . 0 0  8 . 9

1 . 0 0  8 . 8

1.00 1 3 . 4

1 . 1 0  1 0 . 6

2 . 7 0  9 . 0

2 7 . 9

07/79

07/79

2 8 . 0

NORTON SOUND STA 17  W A T E R

NORTON SOUND STA f8 W A T E R

NORTON SOUND STA 22  WATER

6 4  2 0 . 2 0

6 4  1 9 . 9 0

64 2 0 . 0 0

6 4  2 5 . 5 0
6 4  2 8 . 0 0

6 4  2 6 . 8 0

0 7 / 7 9

0 7 / 7 9

0 7 / 7 9

0 7 / 7 9
07/79

0 7 / 7 9
0 7 / 7 9
07179
0 7 / 7 9
0 7 / 7 ’ 9
0 7 / 7 9
0 7 / 7 9
0 7 / 7 9
0 7 / 7 9

07f79
07/79

07/79
0 7 / 7 9

0 7 / 7 9
07179
0 7 / 7 9
0 7 / 7 9
07/79

2 7 . 4

2 8 . 1

1 . 0 0  8 . 8 2 8 . 0 NORTON SOUND STA 25  WATER

NORTON SOUND STA 27  WATER
NORTON SOUND STA 24  WATER

NORTON SOUND STA 23  WATER
N O R T O N  SOUND  STA 23  WATER
NORTON SOUND STA 13  WATER
NORTON SOUND STA 08  WATER
NORTON SOUND STA 01  WATER
N O R T O N  SOUND STA 05  WATER
NORTON SOUND STA 06  MATER
NORTON SOUND STA 09  WATER
NORTON SOUND STA A9  WATER

NORTON SOUND STA 11  WATER
NORTON SOUND STA 12  WATER

NORTON SOUND STA S7  WATER
NORTON SOUND STA A1O WATER

NORTON SOUND STA 10 W A T E R
NORTON SOUND STA 15  WATER
NORTON SOUND STA 14  WATER
NORTON SOUND STA 31  WATER
NORTON SOUND STA S13 W A T E R

1 . 5 0  9 . 4
1 . 9 0  1 0 . 4

2 8 . 5
2 8 . 3

1 . 2 0  1 0 . 6 2 1 . 4

6 4  0 . 3 0
6 4  1 9 . 2 0
6 3  3 9 . 9 0
6 3  40.10
6 4  1 4 . 7 0
6 4  1 1 . 0 0

6 4  0 . 2 0
6 3  4 0 . 3 0

6 3  8 . 0 0
6 4  8 . 2 0

6 4  2 0 . 2 0
6 3  5 9 . 6 0
6 3  4 0 . 0 0
6 3  2 0 . 3 0
6 3  7 . 2 0

1 6 3  4 . 0 0
162 1 . 3 0
161 1 7 . 8 0
1 6 1  5 8 . 9 0
1 6 3  6 . 1 0
1 6 3 1 . 7 0

!64 0 . 1 0
1 6 3  5 9 . 1 0

t63 16.00
1 6 4  0 . 0 0

164 1 . 3 0
1 6 4  5 8 . 5 0
1 6 5  0 . 5 0
166 0 . 3 0
1 6 4  4 6 . 5 0

1 . 4 0  1 1 . 7
1 . 2 0  !1.1
1 . 7 0  1 1 . 1
1 . 2 0  1 0 . 4
1 . 1 0  1 1 . 6
1 . 5 0  1 1 . 6

2 3 . 4
2 0 . 7

2 4 . 6
2 2 . 8
22.1

1 . 3 0  1 1 . 0
1 . 1 0  9 . 9

2 6 . 1
2 6 . 8

1 . 0 0  1 0 . 6
1 . 3 0  1 1 . 9

2 0 . 0
2 3 . 4

1 . 0 0  1 1 . 6
1 . 0 0  9 . 1

2 3 . 3
2 8 . 6
2 8 . 7
3 0 . 7
2 7 . 8

1 . 1 0  9 . 3
1 . 0 0  7 . 5
1 . 7 0  9.6



NW148
NW149
NW150
NW151
NW152
NW153
Nbi154
NW155
NW156
NW157
NW158
NW159
NW160
NW161
NW162
NW163
NW164
NW165
NZS13
NZ024
GB401
GI)41O
GBG 11
G B 4 1 2
GB420
GB421
GB425
GB428
GB429
GI)430
GB431
GB432
GB434
GB435
GB436
GB437
GB438
GB440
GB442
GB444
GB445
Gld401
GW402
GlA1403
GW4 04
G141405
GN406
GW407
GW408
GW4 09
GW41O
GW41 1
GW412
GW413
GW4 14

6 2  3 9 . 8 0
6 3  2 3 . 0 0
6 3  2 0 . 0 0

1 6 5  4 0 . 1 0
1 6 8  2 9 . 0 0
167 1 . 5 0

07/79
0 7 / 7 9
0 7 / 7 9

1 . 2 0
1 . 6 0
2 . 2 0

1 0 . 1
4 . 2
6 . 3

2 1 . 9
3 1 . 5
3 1 . 4

NORTON SOUND STA A32 W A T E R
NORTON SOUND STA 45  WATER
NORTON SOUND STA 34  WATER

NORTON SOUND STA 48  WATER
NORTON SOUND STA 43  WATER
NORTON SOUND STA 36  WATER

NORTON SOUND STA 30  WATER
NORTON SOUND STA 29  MATER

NORTON SOUND STA 40  WATER
NORTON SOUND STA 4$ W A T E R
NORTON SOUND STA 50  WATER
NORTON SOUND STA 42  WATER

NORTON SOUND STA 28  WATER
NORTON SOUND STA S13 B O T T O M  W A T E R
N O R T O N  S O U N D  ST’A 13 B O T T O M  W A T E R
S E D I M E N T  STA.D
C O O K  I N L E T  S E D I M E N T  STA.242
C O O K  I N L E T  S E D I M E N T  STA.U O F F

6 . 4
6 . 7
6 . 8

3 0 . 5
3 1 . 7
3 1 . 9

6 4  0 . 1 0
6 3  5 9 . 5 0
6 3  4 0 . 0 0

1 6 9  0 . 9 0
168 1 . 3 0
167 1 . 8 0

07/79
07/79
07/79

07/79
07/79

2 . 4 0
2 . 9 0
3 . 9 0

1 6 5  5 9 . 1 0
1 6 5  5 9 . 7 0

2 . 3 0
2 . 5 0

3 0 . 4
2 8 . 9

6 3  3 9 . 7 0
6 4  0 . 2 0

1 . 0 0
1 . 7 0
1 . 0 0
1.50

H
4 . 2
7 . 0

2 9 . 3
3 1 . 1

6 4  4 0 . 3 0
6 4  4 0 . 2 0
6 4  3 9 . 6 0
6 4  2 0 . 0 0

167 1 . 8 0
1 6 8  0 . 8 0
1 6 8  5 9 . 8 0
1 6 7  5 9 . 6 0

07/79
07/79
07/79
0 7 / 7 9

0 7 / 7 9
0 7 / 7 9
07/79

3 1 . 5
3 0 . 6

6 3  7 . 2 0
6 4  2 8 . 0 0
5 7  3 9 . 0 0
6 0  9 . 5 0
6 0  1 2 . 7 0
6 0  1 3 . 7 0
5 9  3 3 . 5 0
5 9  3 6 . 1 0
5 9  3 7 . 6 0
5 9  3 3 . 5 0
5 9  3 1 . 4 0
5 9  3 0 . 0 0
5 9  1 8 . 2 0
5 9  14.20
5 9  3 2 . 4 0
5 9  2 1 . 9 0
5 9  3 3 . 4 0

5 9  6 . 3 0
5 8  5 3 . 0 0
5 8  5 0 . 0 0
5 8  2 8 . 6 0
5 8  2 . 0 0
5 7  3 9 . 0 0
6 0  4 1 . 2 0
6 0  3 4 . 3 0
6 0  9 . 6 0
6 0  6 . 8 0
6 0  1 0 . 7 0
6 0  1 0 . 7 0
6 0  9 . 3 0
6 0  9 . 3 0
6 0  9 . 5 0
6 0  1 2 . 7 0
6 0  1 3 . 7 0
6 0  1 3 . 7 0

1 6 4  4 6 . 5 0
1 6 6  2 6 . 9 0
1 5 2  3 1 . 0 0
1 5 2  2 5 . 0 0
1 5 2  3 6 . 5 0
1 5 2  4 6 . 8 0
1 5 1  3 6 . 4 0
1 5 1  2 5 . 0 0
1 5 1  1 8 . 0 0
1 5 2  1 8 . 7 0
152 4 1 . 5 0
1 5 3  1 3 . 2 0
1 5 3  1 4 . 3 0
t53 3 9 . 7 0
1 5 3  2 1 . 8 0
1 5 2  4 8 . 7 0
1 5 3  2 4 . 5 0

1 5 2  4 3 . 1 0
1 5 2  5 4 . 0 0
1 5 1  2 0 . 0 0
153 10.00
1 5 3  2 9 . 0 0
!52 3 9 . 0 0
1 5 1  2 5 . 0 0
$51 5 1 . 4 0
1 5 2  1 5 . 0 0
1 5 2  1 4 . 0 0
1 5 2  3 6 . 0 0
1 5 2  3 6 . 0 0
152 3 8 . 0 0
$52 3 8 . 0 0
1 5 2  2 5 . 0 0
1 5 2  3 6 , 5 0
1 5 2  4 6 . 8 0
1 5 2  f-t6.80

2 2 . 0 0
0 . 0 0 ::;

2 . 3

:::
4 . 4

4 . 1

2::
3 . 1

2 9 . 8
1 6 . 5

0 4 / 0 6 / 7 7
04/07/77

0 4 / 0 9 / 7 7
04/09/77
04/09/77
O4I1OI77
04/10/77

04/10/77

04f11/77
04fll177

3 9 . 0 0
3 . 0 0
0 . 0 0

8 9 . 0 0
3 . 0 0

6 7 . 0 0
6 0 . 0 0
3 9 . 0 0
3 3 . 0 0
4 9 . 0 0
3 6 . o O
2 7 . 0 0
7 6 . 0 0
2 2 . 0 0

1 4 8 . 0 0
172.00
1 1 8 . 0 0
1 6 8 . 0 0

9 5 . 0 0
0 . 0 0
1 . 0 0
1 . 0 0

5 6 . 0 0
1 . 0 0
1 . 0 0
0 . 0 0
0 . 0 0
0 . 0 0
0 . 0 0
1 . 0 0
0 . 0 0
0 . 0 0

3 0 . 2
1 5 . 0
2 2 . 0
3 1 . 5

S E D I M E N T  STA.V
C O O K  I N L E T  S E D I M E N T  STA.227
C O O K  I N L E T  S E D I M E N T  STA.K
C O O K  I N L E T  S E D I M E N T  STA.229
C O O K  I N L E T  S E D I M E N T  STA.226
C O O K  I N L E T  S E D I M E N T  STA.225

3 1 , 3
3 1 . 5
3 1 . 5
3 1 . 0
3 1 . 1
3 0 . 9
3 0 . 7

S E D I M E N T  STA.213
C O O K  I N L E T  S E D I M E N T  STA.2t4
S E D I M E N T  STA.204
C O O K  I N L E T  S E D I M E N T  STA.212
C O O K  I N L E T  S E D I M E N T  STA.215
S E D I M E N T  STA.212

H
2 . 5
4 . 6
2 . 4

s.~

7 . 5

5 . 0

1 . 0

3 1 . 5
3 0 . 7

S E D I M E N T  S T A .  2 0 8
C O O K  I N L E T  S E D I M E N T  STA.205
C O O K  I N L E T  S E D I M E N T  STA.395
C O O K  I N L E T  S E D I M E N T  S T A . 1 0 5
C O O K  I N L E T  S E D I M E N T  STA.388
C O O K  I N L E T  S E D I M E N T  STA.378

0 4 / 1 2 / 7 7
04/13/77
04/14/77
0 4 / 1 4 / 7 7
04/14/77
0 4 / 0 3 / 7 7
0 4 / 0 5 / 7 7
04/05/77
0 4 / 0 6 / 7 7
0 4 / 0 6 / 7 7
0 4 / 0 6 / 7 7
0 4 / 0 6 / 7 7
0 4 / 0 6 / 7 7
0 4 / 0 6 / 7 7
0 4 / 0 6 / 7 7
04/07/77
0 4 / 0 7 / 7 7
04/07/77
04/ 7/7

3 2 . 1

3 2 . 6

3 2 . 0
1 6 . 5
2 1 . 0

TIME1400 S T A  D
COOK INLET  WATER
COOK INLET  WATER
TIME0700 S T A  2 4 4
COOK INLET  WATER
COOK INLET  WATER
COOK INLET  WATER
TIME1500 S T A  T
TIME1500 S T A  T
TIME1315 S T A  2 4 2
COOK INLET  WATER
TIME1412 S T A  V
TIME1410 S T A  V
T I M E  STA

STA.266
STA.265

STA.245
STA.S O F F
STA.S

STA.U O F F

2 7 . 4
3 0 . 2
2 6 . 0

:::
2 . 8
4 . 0
2 . 3
6 . 0
4 . 0
2 . 0

2 4 . 5
2 4 . 0
2 5 . 0
2 5 . 0
3 0 . 2
15.0
2 2 . 0
2 3 . 0



GW4 15
GN4  f 6
G14J417
Gld4 18
GW4 19
GW420
GW421
GW422
GlJ423
GlJ424
Gld425
GW426
Gb1427
GW428
GW429
GW430
GW431
GW432
GW433
GW434
GW435
GW436
GW437
GW438
GW439
GW440
Gld441
GW44 2
GW443
GW444
GW445
GB50 1
GB502
G B 5 0 3
GB506
GB507
GB508
GB5r19
GB51O
GB51  1
GB512
GB513
GB514
GB515
GB516
GB517
GB518
GB519
GB520
GB523
GB524
G B 5 2 5
GB526
GB527
GB528

6 0  9 . 5 0  152 2 5 . 0 0
6 0  9 . 5 0  152 2 5 . 0 0
60 3 . 0 0  1 5 1  4 6 . 2 0
5 9  4 0 . 8 0  1 5 2  3 8 . 6 0
5 9  4 0 . 9 0  151 14.10
5 9  3 3 . 5 0  151 3 6 . 4 0
5 9  36.10 151 2 5 . 0 0
5 9  36.10 151 2 5 . 0 0
5 9  3 5 . 3 0  151 1 0 . 7 0
5 9  3 5 . 3 0  1 5 1  1 0 . 7 0
5 9  3 7 . 6 0  151 1 8 . 0 0
5 9  18.20 1 5 2  14.10
5 9  2 7 . 0 0  152 2 3 . 2 0
5 9  3 3 . 5 0  1 5 2  1 8 . 7 0
5 9  3 1 . 4 0  1 5 2  41.50
5 9  3 0 . 0 0  153 1 3 . 2 0
5 9  18.20 1 5 3  1 4 . 3 0
5 9  1 4 . 2 0  153 3 9 . 7 0
59 9.80 153 8.20
5 9  3 2 . 4 0  1 5 3  2 1 . 8 0
5 9  21.90 152 4 8 . 7 0
5 9  33.60 1 5 3  2 4 . 5 0
5 9  1 4 . 7 0  152 4 5 . 5 0
5 9  6 . 3 0  152 43.10
5 8  5 9 . 9 0  1 5 2  5 2 . 0 0
5 8  5 3 . 0 0  1 5 2  5 4 . 0 0
59 0.40 152 OiOO
5 8  5 0 . 0 0  151 2 0 . 0 0
5 8  4 8 . 8 0  152 11.90
5 8  2 8 . 6 0  1 5 3  1 0 . 0 0
5 8  2 . 0 0  153 2 9 , 0 0
5 7  4 7 . 2 0  151 4 8 . 8 0
5 8  4 . 8 0  151 4 2 . 0 0
5 8  1 9 . 0 0  151 2 5 . 7 0
5 9  3 6 . 5 0  151 2 5 . 5 0
5 8  3 9 . 5 0  153 2 3 . 5 0
5 8  1 7 . 2 0  1 5 4  2 . 3 0
5 7  5 7 . 0 0  15+ 4 1 . 3 0
5 7  3 1 . 4 0
5 7  2 7 . 5 0
5 7  1 8 . 4 0
5 7  5 0 . 1 0
5 8 1 . 6 0
58 1 0 . 8 0
5 8  2 7 . 0 0
5 8  3 3 . 4 0
5 8  $2.40
5 8  5 3 . 3 0
5 8  5 3 . 3 0
5 9  3 2 . 5 0
5 9  2 6 . 1 0
5 9  2 9 . 4 0
5 9  1 7 . 8 0
5 9  6 . 2 o

1 5 5  3 2 , 8 0
1 5 5  1 4 . 5 0
154 5 7 . 0 0
1 5 4  2 5 . 0 0
1 5 3  2 9 . 0 0
!53 4 5 . 0 0
1 5 2  5 7 . 5 0
1 5 3  1 4 . 3 0
“ 1 5 2  5 9 . 7 0
153 1 1 . 5 0
1 5 2  5 4 . 0 0
1 5 3  2 1 . 2 0
1 5 3  3 7 . 3 0
1 5 3  1 2 . 7 0
1 5 3  1 4 . 0 0
1 5 3  2 9 . 1 0

0 4 / 0 7 / 7 7
0 4 / 0 7 / 7 7
0 4 / 0 8 / 7 7
04/09/77
0 4 / 1 0 / 7 7
0 4 / 0 9 / 7 7
0 4 / 0 9 / 7 7
0 4 / 1 0 / 7 7
04/10/77
0 4 / 1 0 / 7 7
0 4 / 0 9 / 7 7
0 4 / 1 0 / 7 7
04111/77
04/10/77
0 4 / 1 0 / 7 7
04/11/77
0 4 / 1 0 / 7 7
04~lo/77
0 4 1 1 0 / 7 7
0 4 / 1 1 / 7 7
04/11/77
0 4 / 1 2 / 7 7
0 4 / 1 2 / 7 7
0 4 1 1 2 / 7 7
0 4 / 1 2 / 7 7
04/13/77
0 4 / 1 3 / 7 7
04/14/77
OG/12/77
04114/77
04/14/77
1 1/77
1 1/77
1 1 / 0 4 / 7 7
1 1/77

1 1/77

1 1/77
1 1 / 7 7
11/77
1 1/77
1 1 / 7 7
1 1 / 7 7

1 1/77
1 1/77
1 1/77

1 1/77

1 . 0 0
3 3 . 0 0

1 . 0 0
4 0 . 0 0
4 8 . 0 0

1 . 0 0
1.00
0 . 0 0
0 . 0 0
0 . 0 0
1 . 0 0
1 . 0 0

74.00
1 . 0 0
1 . 0 0

3 3 . 0 0
1 . 0 0
1 . 0 0
1.00
1 . 0 0
1 . 0 0

2 2 . 0 0
1 0 4 . 0 0

1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0

1 2 2 . 0 0
1 . 0 0
1 . 0 0

7 5 . 0 0
1 6 6 . 0 0

7 5 . 0 0
1 . 5 0

7 5 . 0 0
1 2 8 . 0 0
2 2 5 . 0 0
1 8 5 . 0 0
2 3 4 . 0 0
1 7 5 . 0 0
2 1 1 . 0 0

8 5 . 0 0
1 8 9 . 0 0
214.00
1 7 8 . 0 0

9 9 . 0 0
1 6 3 . 0 0
1 5 9 . 0 0

1 7 . 0 0
1 6 . 0 0
3 7 . 0 0
5 0 . 0 0
4 4 . 0 0

2 . 3
2 . 3
2 . 5

:::
4 . 4
5 . 3
5 . 0
4 . 6
5 . 0
4 . 2
5 . 0
4 . 6
4 . 7
3 . 7

5 . 0
7 . 0
5 . 5

H
6 . 6
6 . 7
6 . 1

;::
6 . 0
6 . 6
5 . 5

3 0 . 1
3 0 . 1
2 5 . 5
3 0 . 6
3 1 . 4
3 1 . 4
2 5 . 3
2 6 . 0
2 6 . 8
2 5 . 0
3 1 . 3
3 1 . 5
3 1 . 5
3 1 . 5
3 1 . 3
3~.o
3 1 . 1
3 0 . 8
3 1 . 5
3 0 . 6
3!.2
3 0 . 7
3 1 . 6
3 1 . 6
3 1 . 7
2 6 . 5
3 1 . 5
2 7 . 8
3 1 . 7
2 4 . 4
2 6 . 3
3 2 . 2
3 2 . 9

2 9 . 0
3 1 . 4
3 2 . 3
3 3 . 1
3 2 . 9
3 3 . 5
33.1
3 3 . 4
3 2 . 3
3 3 . 1
3 2 . 9
3 2 . 7
3 2 . 5
3 2 . 6
3 2 . 8
3 0 . 1
3 0 . 3
2 9 . 9
3 0 . 5
3 0 . 5

C O O K  I N L E T  W A T E R  STA.242
TIME1905 S T A  2 4 2
C O O K  I N L E T  W A T E R  STA.246
TIME1325 S T A  2 3 5
T I M E 0 3 4 0  S T A  2 3 6
C O O K  I N L E T  14ATER  STA.227
C O OK  I N L E T  W A T E R  STA.K O F F
TIME0950 S T A  K
T I M E 1 0 5 O  S T A  J
TIME1115 S T A  J
C O O K  I N L E T  ldATER  STA.229
C O O K  I N L E T  W A T E R  STA.216
TIME0315 S T A  2 1 7
C O O K  I N L E T  W A T E R  STA.226
C O O K  I N L E T  W A T E R  S T A . 2 2 5
TI~lE1200 S T A  2 1 3
C O O K  I N L E T  M A T E R  STA.214
C O O K  I N L E T  MATER S T A . 2 0 4
C O O K  I N L E T  W A T E R  STA.206
C O O K  I N L E T  M A T E R  STA.212
C O O K  I N L E T  W A T E R  STA.215
T I M E 1 1 O O  S T A  2 1 2
TIME1445 S T A  2 0 8
C O O K  I N L E T  W A T E R  STA.205
C O O K  I N L E T  W A T E R  STA.207
C O O K  INLET  W A T E R  S T A . 3 9 5
C O O K  I N L E T  W A T E R  S T A . 1 0 6
C O O K  I N L E T  W A T E R  S T A . 1 0 5
TIME2045 S T A  3 9 8
C O O K  I N L E T  W A T E R  STA.388
C O O K  I N L E T  W A T E R  STA.378
C O O K  I N L E T  S E D I M E N T  ST.429
C O O K  I N L E T  S E D I M E N T  ST.418
T I M E O O 1 O  STA407
C O O K  I N L E T  S E D I M E N T  S T .  K  B E A C H
C O O K  I N L E T  S E D I M E N T  S T  3 8 0
C O O K  I N L E T  S E D I M E N T  S T . 3 7 0
C O O K  I N L E T  S E D I M E N T  S T  3 6 0
C O O K  I N L E T  S E D I M E N T  ST.350
C O O K  I N L E T  S E D I M E N T  ST.354
C O O K  INLET S E D I M E N T  ST.358
C O O K  I N L E T  S E D I M E N T  ST.364
C O O K  I N L E T  S E D I M E N T  S T . 3 7 8
C O O K  I N L E T  S E D I M E N T  ST.374
C O O K  I N L E T  SEOIllENT S T  3 8 8
C O O K  I N L E T  S E D I M E N T  S T  3 8 4
C O O K  I N L E T  S E D I M E N T  S T . 3 9 4
C O O K  I N L E T  S E D I M E N T  S T  3 9 0
C O O K  I N L E T  S E D I M E N T  ST.395
C O O K  I N L E T  S E D I M E N T  ST.212
C O O K  I N L E T  S E D I M E N T  ST.211
C O O K  I N L E T  S E D I M E N T  S T  2 1 3
C O O K  I N L E T  S E D I M E N T  S T  214
C O O K  I N L E T  S E D I M E N T  S T  2 0 3
C O O K  I N L E T  S E D I M E N T  ST.201



!s
C9

GB529
GB532
GB536
GB538
GB545
GB549
GB550
GB552
GB554
GB557
GB558
GW50 1
GW502
Gld503
GW504
GW505
GW506
GW507
GW508
GW509
GW51O
GW51 1
GW512
GW513
GW514
Gld515
GW516
GW517
GW518
GW519
GLJ520
GW521
GW522
GW523
GW524
GW525
GW526
GW527
GW528
GW529
GW530
GW531
GW532
GW533
GW534
GW535
GW536
GL!537
GW538
GW539
GW540
GW541
GW542
GW543
GW544

5 9  1 4 . 3 0  153 3 8 . 5 0
5 8  5 9 . 8 0  152 5 2 . 9 0
5 9  3 3 . 3 0  1 5 2  1 8 . 6 0
5 9  3 3 . 5 0  151 3 6 . 1 0
5 9  42.10 152 3 8 . 0 0
6 0  1 2 . 8 0  152 3 6 . 1 0
6 0  1 3 . 7 0  1 5 2  4 5 . 7 0
6 0  9 . 0 0  1 5 2  2 5 . 5 0
5 9  5 0 . 4 0  152 5 6 . 5 0
5 9  4 0 . 4 0  151 1 4 . 3 0
5 9  3 7 . 5 0  151 1 7 . 8 0
5 7  4 7 . 2 0  1 5 1  5 8 . 8 0
5 8  4 . 8 0  151 42.00
5 8  1 7 . 5 0  151 2 5 . 8 0
5 8  4 8 . 9 0  1 5 2  11.60
5 9  3 5 . 5 0  151 1 0 . 5 0
5 9  3 6 . 5 0  151 2 5 . 5 0
5 8  3 9 . 5 0  153 2 3 . 5 0
5 8  1 7 . 2 0  154 2 . 3 0
5 7  5 7 . 0 0  154 41.30
5 7  31.40 155 3 2 . 8 0
5 7  2 7 . 5 0  155 1 4 . 5 0
5 7  1 8 . 4 0  154 5 7 . 0 0
5 7  50.10 154 2 5 . 0 0

1 . 6 0  1 5 3  2 9 . 0 0
;; 10.80 153 4 5 . 0 0
5 8  2 7 . 0 0  152 5 7 . 5 0
5 8  33.40 1 5 3  1 4 . 3 0
5 8  4 2 . 4 0  152 5 9 . 7 0
5 8  5 3 . 3 0  153 11.50
5 8  5 3 . 3 0  152 5 4 . 0 0
5 9  6 . 2 0  152 4 1 . 3 0
59 9.40 153 7.10
5 9  3 2 . 5 0  153 2 1 . 2 0
5 9  26.10 153 3 7 . 3 0
5 9  2 9 . 4 0  1 5 3  1 2 . 7 0
5 9  1 7 . 8 0  153 lft.00
5 9  6 . 2 0  153 29.10
5 9  1 2 . 8 0  153 5 2 . 4 0
5 9  1 4 . 3 0  153 3 8 . 5 0
5 9  2 1 . 1 0  153 4 8 . 8 0
5 9  1 5 . 0 0  152 4 4 . 9 0
5 8  5 9 . 8 0  152 5 2 . 9 0
59 18.00 152 t5.00
5 9  2 7 . 7 0  152 2 2 . 9 0
5 9  3 1 . 5 0  152 4 1 . 9 0
5 9  3 3 . 3 0  152 1 8 . 6 0
5 9  3 2 . 9 0  151 5 3 . 4 0
5 9  3 3 . 5 0  151 36.10
5 9  51.30 152 2.10
6 0  2 . 5 0  151 4 7 . 5 0
6 0  4 1 . 2 0  151 2 5 . 6 0
6 0  3 3 . 6 0  151 5 1 . 6 0
6 0  1 9 . 9 0  15t 4 5 . 9 0
5 9  5 0 . 5 0  1 5 2  5 6 . 5 0

1 1/77 3 3 . ” 0 0
1 6 7 . 0 0

1 1 / 1 1 / 7 7 4 9 . 0 0
1 1 / 7 7 7 5 . 0 0

1 1 / 7 7
1 1 / 7 7
1 1/77

1 1 / 7 7
1 1/77
1 1 / 7 7
1 1 / 7 7
1 1/77
t f/77
1 1 / 7 7

1 1/77
91/77
1 1 / 7 7
1 1/77
1 1./77
1 1 / 7 7
1 1/77
11/77

1 1/77
1 1 / 7 7
1 1/77
t 1 / 7 7
1 1 / 7 7
1 1/77
1 1/77
11/77
1 1/77
1 1 / 7 7
1 1 / 7 7
1 1/77
1 qf77
1 1/77
1 f / 7 7
1 1/77
1 1/77
1 1/77
11177

1 1/77
1 1/77
1 1 / 7 7
1 1/77
1 1/77
1 1 / 7 7

3 6 . 0 0
3 . 0 0
1 . 5 0

3 1 . 0 0
2 6 . 0 0
1 6 . 0 0
7 2 . 0 0

1 . 0 0
1 . 0 0
1 . 0 0
1.00
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1.00
1 . 0 0
t o o
1.00
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
? . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0

6 . 4

7 . 4
6 . 1
2 . 0
2 . 0
5 . 4

5 . 6
7 . 0
7 . 1
6 . 4
6 . 4

;:;

::;
5 . 2

;:;
6 . 1
6 . 3
6 . 1
6 . 4

;::
7 . 3
7 . 4
5.1
7 . 1

:::
5.7

:::
6.2
5.1

6 . 7
6 . 5
7 . 0
7 . 0

7.2
6.3

3 2 . 7

3 1 . 1
3 0 . 1
2 7 . 0
2 8 . 0
2 9 . 4

3 0 . 8
3 1 . 1
3 1 . 7
3 2 . 0
3 2 . 2
3 2 . 0
2 9 . 0
2 9 . 0
2 9 . 9
3 0 . 2
3 0 . 7
3 0 . 5
3 1 . 8
3 1 . 8
3 1 . 9
31.2
3 1 . 3
3 1 . 3
3 0 . 9
3 1 . 0
3 0 . 2
3 1 . 9
3 1 . 0
3 0 . 3
3 0 . 1
3 0 . 3
2 9 . 9
3 0 . 0
3 0 . 3

3 0 . 6
3 1 . 0
3 1 . 4
3 1 . 4
3 1 . 5
3 1 . 3
3 1 . 3

3 1 . 0
3 0 . 8

2 . 2  3 0 . 7
4 . 4  2 3 . 0

5 . 4
5 . 9

2 8 . 8
2 9 . 8

C O O K  I N L E T  S E D I M E N T  ST.204
C O O K  I N L E T  S E D I M E N T  S T  2 0 7
TIME1430
C O O K  I N L E
C O O K  INLE
C O O K  INLE
C O O K  I N L E
CODK I N L E
C O O K  I N L E
C O O K  I N L E
C O O K  I N L E
C O O K  I N L E
C O O K  I N L E
C O O K  INLE
C O O K  I N L E
C O O K  INLE
COOK INIE
C O O K  I N L E
C O O K  I N L E
C O O K  I N L E
C O O K  INLE
C O O K  I N L E
C O O K  I N L E
C O O K  I N L E
C O O K  INLE
C O O K  I N L E
C O O K  I N L E

T A 2 2 6
S E D I M E N T  ST.227
S E D I M E N T  S T  2 3 5
S E D I M E N T  S T .  U  B E A C H
S E D I M E N T  S T .  V  B E A C H
S E D I M E N T  ST.Z42
S E D I M E N T  S T  2 3 3
S E D I M E N T  S T . 2 2 9 A
S E D I M E N T  ST.229
JATER S
dATER S
JATER S
dATER S
dATER S
dATER S
+lATER  S
JATER S
4ATER S
dATER S
dATER S
dATER S
JATER S

. 4 2 9

. 4 1 8

. 4 1 7

. 3 9 8

.  J  B E A C H
K BEACH
3 8 0
3 7 0

. 3 6 0

. 3 5 0

. 3 5 4

. 3 5 8

. 3 6 4
WATER ST.378
WATER ST.374
WATER ST.388

C O O K  I N L E T  W A T E R  S T  3 8 4
C O O K  I N L E T  W A T E R  ST.394
COOK INLET W A T E R  ST.390
C O O K  I N L E T  W A T E R  ST.395
C O O K  I N L E T  MATER ST.205
C O O K  I N L E T  W A T E R  ST.206
C O O K  I N L E T  MATER ST.212
C O O K  I N L E T  W A T E R  ST.211
C O O K  I N L E T  W A T E R  ST.213
C O O K  I N L E T  MATER ST.214
C O O K  I N L E T  W A T E R  ST.203
C O O K  I N L E T  W A T E R  ST.201
C O O K  I N L E T  W A T E R  S T . 2 0 4
C O O K  I N L E T  W A T E R  ST.215
C O O K  I N L E T  M A T E R  ST.Z08
C O O K  I N L E T  W A T E R  ST.207
C O O K  I N L E T  W A T E R  ST.216
C O O K  I N L E T  W A T E R  ST.217
COOK  I N L E T  W A T E R  ST.225
C O O K  I N L E T  W A T E R  ST.226
C O O K  I N L E T  W A T E R  S T  2 2 8
C O O K  I N L E T  W A T E R  S T . 2 2 7
C O O K  I N L E T  W A T E R  ST.Z49
C O O K  I N L E T  W A T E R  ST.246
C O O K  I N L E T  W A T E R  ST.266
C O O K  I N L E T  lJATER ST.265
C O O K  I N L E T  W A T E R  ST.Z55
C O O K  I N L E T  W A T E R  S T  2 4 8



g

GW545
GW545A
Gld546
GW547
GW548
GW549
Gld550
GW551
GW552
Gld553
GW556
GW555
Gb.1556
GW557
GW558
GW559
GW560
GB80 1
GB802
GB804
GB805
GB808
GB809
GB81O
GB81 i
G B 8 1 2
GB817
G B 8 1 8
GB8t9
GB822
GB842
GB843
GB844
GB863
Gld8 00
GW80  ?
GW8 02
GW8 03
Gw80ft
Gld8 05
GW8 06
GW8 07
GW808
GW8 09
GW81 o
GW81  t
GW81 2
GW89 3
GW814
GW81 5
GW816
Gw81  7
GW818
GW81 9
GW820

5 9  4 2 . 1 0  1 5 2  3 8 . 1 0
5 9  4 2 . 1 0  152 3 8 . 1 0
5 9  3 7 . 6 0  152 5 5 . 8 0
6 0  6 . 7 0  152 14.50
6 0  6 . 8 0  1 5 2  3 6 . 0 0
6 0  1 2 . 8 0  152 3 6 . 1 0
6 0  1 3 . 7 0  1 5 2  4 5 . 7 0
6 0  6 . 8 0  1 5 2  3 6 . 0 0
6 0  9 . 0 0  1 5 2  2 5 . 5 0
5 9  5 6 . 0 0  1 5 2  3 7 . 1 0
5 9  5 0 . 4 0  152 5 6 . 5 0
5 9  29.60 1 5 3  1 2 . 7 0
5 9  41.30 152 1 4 . 1 0
5 9  4 0 . 4 0  1 5 1  14.30
5 9  3 7 . 5 0  151 1 7 . 8 0
5 9  0 . 6 0  152 1.40
5 8  4 9 . 8 0  1 5 1  1 7 . 8 0
5 5  4 3 . 9 0  1 5 6  19.70
5 6  4 1 . 9 0  1 5 5  5 5 . 6 0
5 7  1 0 . 7 0  1 5 5  9 . 2 0
5 7  3 . 4 0  1 5 4  48.10
5 8  3 2 . 9 0  153 4 7 . 2 0
5 8  2 8 . 6 0  153 1 2 . 5 0
5 8  2 7 . 8 0  1 5 2  5 1 . 0 0
5 8  4 7 . 2 0  1 5 2  4 0 . 3 0
5 8  5 9 . 1 0  1 5 1  5 3 . 5 0

5 9  2 . 3 0  1 5 3  31.10
5 9  13.40 1 5 3  4 0 . 7 0
5 9  31.60 1 5 3  26.40
6 0  3 0 . 2 0  1 5 1  4 8 . 8 0
6 0  1 2 . 4 0  1 5 2  2 5 . 0 0
6 0  12.40 1 5 2  2 5 . 0 0
5 9  1 7 . 9 0  $53 1 3 . 2 0

5 5  4 3 . 9 0  1 5 6  1 9 . 8 0
5 6  4 2 . 0 0  1 5 5  5 4 . 9 o
5 7  2 4 . 3 0  155 5 6 . 6 0
57 1 0 . 7 0  155 9 . 2 0
5 7  3 . 1 0  1 5 4  4 9 . 2 0

5 8  5 . 8 0  t54 8 . 4 0
58 33.10 353 4 7 . 2 0
5 8  2 8 . 6 0  1 5 3  1 2 . 2 0
5 8  2 7 . 7 0  1 5 2  5 1 . 1 0
5 8  4 7 . 2 0  1 5 2  4 0 . 3 0
5 8  5 9 . 3 0  1 5 1  5 4 . 1 0
5 9  3 3 . 9 0  1 5 2  4 . 8 0
5 9  3 3 . 2 0  1 5 2  1 7 . 8 0
5 9  2 3 . 5 0  1 5 2  5 0 . 8 0
5 9  1 0 . 6 0  153 1 2 . 4 0
5 8  5 8 . 3 0  153 9 . 8 0
59 2 . 3 0  1 5 3  3 1 . 1 0
5 9  13.20 1 5 3  4 1 . 1 0
5 9  2 8 . 3 0  1 5 3  1 2 . 6 0

1 1/77
1 1/77
11/77
1 1/77

1 1/77
1 1 / 7 7

1 1/77

1 1 / 7 7
11/77
1 1 / 7 7
1 1 / 7 7
1 1/77
05/79
0 5 / 7 9
05/79
0 5 / 7 9
05/79
05/79
0 5 / 7 9
0 5 / 7 9
0 5 / 7 9
05179
0 5 / 7 9
0 5 / 7 9
0 5 / 7 9
05179
05179
0 5 / 7 9
0 5 / 7 9
0 5 / 7 9
05179
05/79
0 5 / 7 9
05/79
0 5 / 7 9
0 5 / 7 9
05/79
0 5 / 7 9
05/79
0 5 / 7 9
05/79
0 5 / 7 9
05.f’79
05/79
0 5 / 7 9
0 5 / 7 9
05/79
0 5 / 7 9
05/79
0 5 / 7 9

1.00 6 . 1
2 0 . 0 0  6 . 1

1 . 0 0  6 . 3
1 . 0 0  5 . 3
1 . 0 0
1 . 0 0  2 . 0
1 . 0 0  2 . 0
1.:0
1 . 0 0  5 . 1
1 . 0 0
1 . 0 0
1 . 0 0  5 . 6
1 . 0 0  7 . 0
1 . 0 0  5 . 5
1 . 0 0  6 . 2
1 . 0 0  7 . 0
1 . 0 0  6 . 5

2 4 7 . 0 0  5 . 1
2 9 2 . 0 0  4 . 8
2 2 3 . 8 0  4 . 6

203.00 5.8
181.00 6.5

2 2 . 0 0  6 . 2
2 8 . 0 0  5 . 5

4 4 . 0 0  5 . 0
1 . 0 0  7 . 5
1 . 0 0  6 . 0
1 . 2 0  5 . 0
2 . 6 0  5 . 6
1 . 6 0  5 . 0
1 . 2 0  5 . 4

5 . 5

5 . 0

;:!

1 . 0 0  ;::
1 . 0 0  :.%

.

:::
3 . 9
4 . 6
4 . 8
4 . 6
4 . 2

3 0 . 0
3 0 . 1
3 0 . 4
2 9 . 4

2 7 . 0
2 8 . 0

2 9 . 3

3 0 . 3
3 1 . 4
3 0 . 7
3 0 . 9
3 1 . 5
3 1 . 2
3 3 . 4
3 3 . 2
3 3 . 0

3 1 . 4
3 0 . 1

30.$3

3 0 . 9
3 2 . 2
3 1 . 9
3 1 . 7
31.8
3 2 . 4

3 1 . 5
3 1 . 2
3 1 . 9
3 1 . 6

3 2 . 0
3 2 . 1
3 1 . 5
3 1 . 9
3 2 . 2
3 0 . 4
3 0 . 7
3 1 . 3

C O O K  I N L E T  W A T E R  ST.235
C O O K  I N L E T  ldATER ST.235 >20M
C O O K  I N L E T  W A T E R  ST.234
C O O K  I N L E T  W A T E R  ST.245
C O O K  I N L E T  W A T E R  S T  2 4 1
C O O K  I N L E T  W A T E R  S T .  U  B E A C H
C O O K  I N L E T  M A T E R  S T .  V  B E A C H
C O O K  I N L E T  W A T E R  S T  241
C O O K  I N L E T  MATER ST.242
COOK INLET WATER ST 247
C O O K  I N L E T  W A T E R  ST 2 3 3
C O O K  I N L E T  W A T E R  S T  2 1 3
C O O K  I N L E T  W A T E R  ST.236
C O O K  I N L E T  W A T E R  ST.229A
C O O K  I N L E T  W A T E R  ST-229
C O O K  I N L E T  W A T E R  S T . 1 0 6
C O O K  I N L E T  W A T E R  ST.t05
U P P E R  C O O K  S T A  S S 1  S E D I M E N T
U P P E R  C O O K  S T A  S S 2  S E D I M E N T
U P P E R  C O O K  S T A  S S 4  S E D I M E N T
U P P E R  C O O K  S T A  S S 5  S E D I M E N T
U P P E R  C O O K  S T A  S S 8  S E D I M E N T
U P P E R  C O O K  S T A  S S 9  S E D I M E N T
U P P E R  C O O K  S T A  S S 1 O  S E D I M E N T
U P P E R  C O O K  S T A  S S 1 3  S E D I M E N T
U P P E R  C O O K  STA SS18  SEDINENT
U P P E R  C O O K  S T A  LCf S E D I M E N T
U P P E R  C O O K  S T A  L C 2  S E D I M E N T
U P P E R  C O O K  S T A  L C 3  S E D I M E N T
U P P E R  C O O K  S T A  L C 6  S E D I M E N T
U P P E R  C O O K  S T A  L C 2 5  S E D I M E N T
U P P E R  C O O K  S T A  L C 1 7  S E D I M E N T
U P P E R  C O O K  S T A  L C 1 7  S E D I M E N T
U P P E R  C O O K  S T A  L C 1 6  S E D I M E N T
UPPER COOK STA SS0 TOP WATER
UPPER COOK STA SS1 T O P  W A T E R
U P P E R  C O O K  STA SS2  TOP WATER
UPPER COOK STA SS3A T O P  W A T E R
UPPER COOK STA SS4 TOP WATER
UPPER COOK STA SS5 WATER
UPPER COOK STA SS6 WATER
UPPER COOK STA SS7 WATER
UPPER COOK STA SS8 WATER
UPPER COOK STA SS9 WATER
UPPER COOK STA SS1O WATER
UPPER COOK STA SS13  TOP WATER
UPPER COOK STA SS18  TOP WATER
UPPER COOK STA LC1O WATER
UPPER COOK STA LC9  WATER
UPPER COOK STA LC8  WATER
UPPER COOK STA LC33  WATER
UPPER COOK STA LC1 W A T E R
UPPER COOK STA Lc2  WATER
UPPER COOK STA LC3  WATER
UPPER COOK STA LC7  WATER



GW821
GW822
GW823
GM824
GW825
GW82  6
GW827
GW828
GW829
G1J83 o
GW831
GW832
GW833
GW834
GW835
Gb1836
GM837
GW838
GW839
GW840
GW841
GW842
GW843
GW844
GW845

M
GW~46

~ GW847
GW848
GW849
GW850
Gb1851
GW852
GW853
GW854
GW855
GlJ856
GlIJ857
Gld858
GW859
GW86  O
GW861
GW862
GW863
GW865
GZ800
GZ806
GZ825
GZ829
G Z 8 3 1
GZ834
G Z 8 3 6
GZ838
G Z 8 3 9
GZ840
GZ864

5 9  2 5 . 6 0  153 3 4 . 7 0
5 9  3 1 . 3 0  1 5 3  2 6 . 7 0
5 9  4 6 . 9 0  1 5 2  5 4 . 9 0
6 0  3 . 5 0  152 2 9 . 2 0
6 0  2 0 . 7 0  151 4 1 . 0 0
5 9  4 4 . 8 0  152 1 . 0 0
6 0  4 8 . 3 0  151 3 2 . 1 0
6 0  4 7 . 5 0  151 19.80
6 0  4 7 . 5 0  151 1 9 . 8 0
6 0  5 7 . 2 0  151 8 . 8 0
6 0  5 7 . 2 0  151 8 . 8 0
6 0  56.80 1 5 1  1 8 . 3 0
6 0  5 6 . 7 0  151 2 6 . 9 0
6 0  5 6 . 7 0  i51 2 6 . 9 0
6 0  4 5 . 8 0  1 5 1  4 0 . 3 0
6 0  3 2 . 3 0  151 3 0 . 5 0
6 0  3 2 . 3 0  151 3 0 . 5 0
6 0  3 2 . 8 0  151 4 0 . 2 0
6 0  3 2 . 8 0  151 4 0 . 2 0
6 0  3 5 . 9 0  1 5 1  4 7 . 0 0
6 0  3 5 . 9 0  151 4 7 . 0 0
6 0  3 0 . 2 0  t5t 4 8 . 8 0
6 0  11.10 1 5 2  2 6 . 0 0

6 0  1 8 . 3 0  1 5 2  1 2 . 2 0
6 0  5 3 . 1 0  1 5 1  3 5 . 5 0
6 0  4 8 . 3 0  151 3 5 . 4 0
6 0  4 8 . 3 0  1 5 1  3 5 . 4 0
6 0  5 0 . 6 0  15$ 4 0 . 8 0
6 0  4 7 . 6 0  1 5 1  42.30
6 0  4 2 . 1 0  1 5 1  4 0 . 0 0
6 0  4 2 . 3 0  151 3 2 . 8 0
6 0  4 2 . 3 0  151 3 2 . 8 0
6 1  3 . 2 0  1 5 0  5 1 . 3 0
6 1  3 . 2 0  1 5 0  5!.30
6 0  5 9 . 2 0  1 5 0  ft2.50
6 1  4 . 0 0  150 2 2 . 7 0
6 1  8 . 0 0  1 5 0  2 3 . 2 0
6 1  8 . 0 0  150 2 3 . 2 0
6 1  9 . 7 0  1 5 0  2 3 . 8 0
6 1  9 . 7 0  1 5 0  5 5 . 0 0
6 1  9 . 7 0  1 5 0  5 5 . 0 0
5 9  1 7 . 9 0  1 5 3  1 3 . 2 0
5 9  3 1 . 5 0  152 3 9 . 6 0

5 7  3 . 4 0  154 4 8 . 1 0
6 0  2 0 . 7 0  151 41.00
6 0  4 7 . 5 0  1 5 1  f9.80
6 0  5 7 . 2 0  1 5 1  8 . 8 0
5 9  4 0 . 2 0  151 1 4 . 3 0
6 0  3 2 . 3 0  1 5 1  3 0 . 5 0
6 0  3 2 . 8 0  1 5 1  4 0 . 2 0
6 0  5 6 . 7 0  1 5 1  2 6 . 9 0
6 0  3 5 . 9 0  1 5 1  4 7 . 0 0
6 0  13.20 1 5 2  2 4 . 3 0

05/79
0 5 / 7 9
05/79
0 5 / 7 9
05/79
05/79
05/79
05/79
0 5 / 7 9
05/79
05/79
05179
05/79
0 5 / 7 9
05179
05/79
05/79
05/79
05/79
05/79
05/79
05/79
05/79
05/79
05179
05/79
05179
05/79
05179
05/79
05/79
05/79
05179
05/79
05/79
05/79
05/79
05179
0 5 / 7 9
05179
05179
05/79
05/79
05179
05/79
05179
05/79
05/79
058’79
0 5 / 7 9
05/79
0 5 0 ’ 7 9

0 5 / 7 9
05179

5 . 0  3 0 . 5
1 . 0 0  4 . 2  3 1 . 1

4 . 5  3 0 . 9
4 . 0

1 . 0 0  3 . 9  3 1 . 2
1 . 0 0  5 . 6  3 1 . 2
2 . 3 0  4 . 5  2 6 . 6
1 . 0 0 6 . 5  2 6 . 0

6 . 0  2 6 . 5
1 . 8 0  5 . 7  2 3 . 5

5 . 7  2 4 . 2
2 . 3 0  6 . 0  2 5 . 8
2 . 7 0  6 . 0  2 6 . 0

5 . 0  26.o
1 . 4 0  5 . 5  2 7 . 3

6 . 0  2 9 . 3
1 . 0 0  6 . 5  2 9 . 3

4 . 8  2 8 . 0
1 . 0 0  ;.: ;:.:

. .
1.00 5 . 0  2 8 . 1

3 0 . 1
1 . 0 0  4 . 5  3 0 . 8

2 . 0 0  4 . 5  3 0 . 7
4 . 4  2 5 . 7

3.00 4.3 27.7
4.3 27.6

2.00 4.3 26.2
1.00 4.3 26.6
1.00 4.3 27.7
1.00 28.1

28.1
1.00 5.0 24.0

5.0 24.0
1.00 6.5 23.4
1.00 6.0 22.4
1.00 6.0 21.5

6.0 21.5
t.00 6.5 20.3
1.00 6.8 16.2

16.2
1.00 $:
1.00 5.0
1.00 6.o 30.9

208.00 4.5 32.9
43.00 33.4
20.00 6.0
25.00 5.7 24.2
20.00 5.0 26.0
29.00 6.0 29.3
44.00 4.8 28.0
00 5.0 26.0
20.00 5.0 28.1
44.00 4.5 30.8

UPPER COOK STA LC5  WATER
UPPER COOK STA LC6  TOP WATER
UPPER COOK STA LC14 W A T E R
UPPER COOK STA LC15 W A T E R
UPPER COOK STA LC20  TOP WATER
UPPER COOK STA LC1l T O P  W A T E R
UPPER COOK STA UC8  TOP MATER
UPPER COOK STA UC7  TOP WATER
UPPER COOK STA UC7  BOTTOM WATER
UPPER C O O K  STA UC1  TOP idATER
UPPER COOK STA UC1  B O T T O M  W A T E R
UPPER COOK STA UC2  TOP WATER
UPPER COOK STA UC3  TOP WATER
UPPER COOK STA UC3  BOTTOM WATER
UPPER COOK STA UC12 T O P  W A T E R
UPPER COOK STA UC15 B O T T O M  W A T E R
U P P E R  C O O K  S T A  UC15 TOP ldATER
UPPER COOK STA UC16 B O T T O M  W A T E R
UPPER COOK STA UC16 T O P  W A T E R
UPPER COOK STA UC17 B O T T O M  W A T E R
UPPER COOK STA UCf7 T O P  W A T E R
UPPER COOK STA LC25  TOP WATER
UPPER COOK STA LC17 T O P  W A T E R
UPPER COOK STA LC17 W A T E R
UPPER COOK STA LC2t T O P  W A T E R
UPPER COOK STA UC4 W A T E R
UPPER COOK STA UC9  TOP WATER
UPPER COOK STA UC9  BOTTOM WATER
UPPER COOK STA UC1O  T O P  W A T E R
UPPER COOK STA UC1l T O P  W A T E R
UPPER COOK STA UC13 T O P  W A T E R
UPPER COOK STA UC14 T O P  W A T E R
U P P E R  C O O K  S T A  UC14 BOTTOM  W A T E R
UPPER COOK STA UC22  TOP WATER
UPPER COOK STA UC22  BOTTOM WATER
UPPER COOK STA UC23  TOP WATER
U P P E R  C O O K  S T A  U C 2 0  T O P  IdATER
UPPER COOK STA UC19 T O P  W A T E R
UPPER COOK STA UC19 B O T T O M  W A T E R
UPPER COOK STA UC18 T O P  W A T E R
UPPER COOK STA UC2t T O P  W A T E R
UPPER COOK STA UC21 B O T T O M  W A T E R
UPPER COOK STA LC16 T O P  W A T E R
UPPER COOK STA LC15 T O P  W A T E R
UPPER COOK STA SS0  BOTTOM WATER
UPPER COOK STA SS3  BOTTOM WATER
UPPER COOK STA LC20  BOTTOM WATER
UPPER COOK STA UC7  BOTTOM  W A T E R
UPPER COOK STA UC1  BOTTOM WATER
UPPER COOK STA UC3  BOTTON W A T E R
UPPER COOK STA UC15  BOTTOM WATER
UPPER COOK STA UC16  BOTTOM WATER

UPPER COOK STA UC17  BOTTOM WATER
UPPER COOK STA LC17 B O T T O M  M A T E R



GZ848
GZ853
GZ855
GZ859
GZ862
GZ864
GB60 1
GB602
GB603
GB604
GB605
GB606
GB607
GB608
GB609
GB61O
GB61 1
G B 6 1 2
GB6 13
G B 6 1 4
GB615
GB616
GB617
GB622
GB624
GB625
GB626
GB627
GU628
GB629
GB630
GB631
GB632
G B 6 3 3
GB63’4
GB635
GB636
GB640
G B 6 4 4
GB649
GB650
GB652
GB653
G B 6 5 4
GB660
G B 6 6 9
GB677
GW6 01
GW602
GW603
Gld604
GW605
GW606
GW607
GW608

6 0  4 8 . 3 0  151 3 5 . 4 0
6 0  4 2 . 3 0  151 3 2 . 8 0
6 0  3 . 2 0  1 5 0  5 1 . 3 0
6 1  8 , 0 0  1 5 0  2 3 . 2 0
6 1  9 . 7 0  1 5 0  5 5 . 0 0
5 9  3 2 . 2 0  152 3 9 . 1 0

05/79
0 5 / 7 9
05179
05/79
05/79
0 5 / 7 9
05/78
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
05/78
05178
0 5 / 7 8
05/78
0 5 / 7 8
05/78
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 4 / 2 7 / 7 8
0 5 / 7 8
0 4 / 2 8 1 7 8
0 4 / 2 8 / 7 8
0%128/78
0 5 / 7 8
04129/78
05178
0 5 / 7 8

5 0 . 0 0
3 0 . 0 0
3 0 . 0 0

6 . 0 0
1 5 . 0 0

1 5 1 . 0 0

4.3

5 . 0

:::
5 . 0

::;
4 . 5
4 . 6
4 . 5
4 . 4

2 7 . 6
2 8 . 1
2 4 . 0

UPPER
UPPER

C O O K  STA
COOK STA

UC9
UC14

BOTTOM WATER
B O T T O M  W A T E R

BOTTOM WATER
BOTTOM WATER
BOTTOM WATER
BOTTOM WATER
S T  3 3 0
S T  3 3 1
S T  3 3 3
S T  3 5 8
S T  3 5 0
S T  3 6 0
S T  3 6 8
S T  3 7 8
S T  3 7 0
S T  3 8 0
S T  3 9 4
S T  3 8 8
S T  3 9 5
S T  2 0 7

U P P E R  C O O K  S T A  UCZ2
U P P E R  C O O K  S T A  UC19
UPPER COOK STA UC21
U P P E R  C O O K  S T A  LC15
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  SEDINENT
TIME0745 S T A 3 9 0
C O O K  I N L E T  S E D I M E N T
TIME0215 2 4 9
TIME1400 2 4 2
TII’IE2000 2 4 7
C O O K  I N L E T  S E D I M E N T

2 1 . 5
1 6 . 2

5 2 . 0 0
1 8 8 . 0 0
1 4 8 . 0 0
2 6 5 . 0 0
2 2 8 . 0 0

5 3 . 0 0

3 2 . 1
3 2 . 4
3 2 . 4
3 2 . 5
32.4
3 2 . 3

5 6  4 6 . 0 0
57 4 . 2 0
5 7  18.10
5 7  3 1 . 2 0
5 7  5 6 . 2 0
5 7  4 3 . 9 0

5 8  1 7 . 2 0
5 8  3 8 . 9 0
5 8  4 0 . 9 0
5 8  2 7 . 2 0
5 8  5 3 . 2 0
5 8  5 9 . 9 0
5 8  5 2 . 7 0
5 9  3 9 . 9 0
5 9  5 1 . 3 0
6 0  9 . 0 0
5 9  5 8 . 1 0
5 9  4 9 . 7 0
5 9  5 0 . 1 0
5 9  6 . 3 0
5 9  1 2 . 5 0
5 9  t4.lo
5 9  1 7 . 9 0

1 5 4  2 0 . 3 0
1 5 5 1 . 2 0
1 5 4  5 6 . 0 0
1 5 5  3 3 . 8 0
1 5 4  4 0 . 6 0
1 5 4  9 . 0 0

154 1 . 9 0
1 5 4 1 . 9 0
1 5 3  0 . 5 0
1 5 2  5 8 . 0 0
1 5 2  5 4 . 9 0
1 5 2  5 3 . 3 0
1 5 3  1 1 . 1 0
1 5 1  1 4 . 8 0
1 5 2 t . 6 0
1 5 2  2 5 . 7 0
1 5 2  3 4 . 4 0
1 5 2  5 6 . 0 0
1 5 2  2 4 . 2 0
153 2 7 . 8 0
1 5 3  5 2 . 9 0
1 5 3  3 9 . 5 0
1 5 3  1 3 . 2 0

1 1 . 2 0
1 6 6 . 0 0
1 5 3 . 0 0
2 1 5 . 0 0
1 6 6 . 0 0
1 6 6 . 0 0
1 7 0 . 0 0
38.30
4 0 . 0 0
3 6 . 0 0
21.00
1 5 . 0 0
7 0 . 0 0
4 1 . 0 0
2 0 . 0 0
3 4 . 0 0
5 3 . 0 0

2 6 . 0 0
2 6 . 0 0
2 6 . 0 0
3 6 . 0 0
3 3 . 0 0
4 9 . 0 0
6 2 . 0 0

2 0 1 . 0 0
2 0 1 . 0 0

6 4 . 0 0
3 1 . 0 0
3 6 . 0 0
5 1 . 0 0
5 1 . 0 0
3 7 . 0 0

1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0

4 . 7
4 . 0
4 . 7
4 . 6

::;

3 2 . 0
3 1 . 5
3 2 . 3
3 2 . 4
3 2 . 2
3 2 . 1

4.2 3 1 . 7 ST 229

ST 2333 . 9 3 1 . 0
TIME0150 2 4 8
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T

3 1 . 1
3 0 . 7
3 1 . 2
3 1 . 7

ST 20
ST 20
ST 20
ST 21
ST 21
:; ;1

ST U

4 . 0
4 . 3

COOK INLET SEDIMENT
COOK INLET SEDItlENT
COOK INLET SEDIMENT
COOK INLET SEDIMENT
COOK INLET SEDIMENT
COOK INLET SEDIMENT
TIME1600 234

05178
0 5 / 7 8
05178
0 5 / 7 8
0 4 / 3 0 / 7 8
05178
0 5 / 0 1 / 7 8
05178
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8

5 9  3 2 . 7 0  1 5 3  2 0 . 9 0
6 0  1 3 . 4 0  152 4 5 . 6 0
6 0  t2.80 1 5 2  3 6 . 0 0
5 9  3 7 . 8 0  152 5 5 . 8 0
5 9  2 9 . 6 0  153 1 3 . 9 0
5 9  3 2 . 8 0  1 5 2  1 8 . 3 0
5 8  5 3 . 4 0  1 5 3  11.60
5 9  3 8 . 0 0  153 3 7 . 8 0
5 9  4 3 . 3 0  153 2 2 . 6 0
5 9  3 7 . 8 0  151 18.40
5 9  1 3 . 7 0  1 5 3  4 0 . 1 0
5 9  1 6 . 6 0  153 2 0 . 3 0
5 9  3 5 . 4 0  151 4 5 . 9 0
5 9  3 6 . 5 0  151 2 5 . 5 0
6 0  2 8 . 2 0  152 12.20
5 6  2 2 . 3 0  154 17.90
5 6  4 6 . 0 0  154 2 0 . 3 0
5 7  4 . 2 0  155 1 . 2 0
5 7  1 8 . 1 0  1 5 4  5 6 . 0 0
5 7  31.20 155 3 3 . 8 0
5 7  5 6 . 2 0  154 4 0 . 6 0
5 7  4 3 . 9 0  1 5 4 9 . 0 0
5 8 1 . 3 0  1 5 3  2 9 . 6 0

4 . 0 31.3 2
BEACH
BEACH

S T  2 1 34 . 2

5 . 0

3 1 . 4

3 2 . 1

C D O K  I N L E T  S E D I M E N T
TIME0115 2 2 6
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  S E D I M E N T
C O O K  I N L E T  W A T E R  S T
COOK INLET WATER ST
C O O K  I N L E T  W A T E R  S T
COOK INLET WATER ST
COOK INLET WATER ST
COOK INLET WATER ST
COOK INLET WATER ST
c O O K  I N L E T  W A T E R  S T

S T  3 9 0
ST  AW B E A C H
ST M BEACH
S T  CB8
S T  CB1
S T  C B 2
S T  C B 7  0 9 3 0
ST  K B E A C H
S T  C B 9  1 3 0 0
330

4 . 3
4 . 4

5 . 1

3 1 . 8
3 1 . 4

3i.8 HRS

HRS

05178
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
05/78

3 0 . 7
4 . 5
3 . 5
4 . 9
4 . 5
4 . 4
4 . 4
4 . 6
4 . 9

3 2 . 2
3 2 . 1
3 1 . 9

33i
3 3 3
3 5 8
3 5 0
3 6 0
3 6 8
3 7 8

3 2 . 1
3 1 . 9
3 1 . 8
3 2 . 1
3 2 . 1



GW609
GW6 10
G146 11
GW6 12
GW6 13
GW6 14
GM6 15
GW616
GW6 17
GW618
GW619
GW620
GW621
GW622
GW623
GW624
GW625
GW626
GW627
GW628
GW629
GW630
Gb1631
GW632
GW633
GW634
GW635
GW636
GW637
GW638
GW639
GW640
GW641
GW6ft2
GW643
GW644
GW645
GW646
GW647
Gld648
GW649
GW650
GW65 1
GlI1652
GW653
GW654
GW655
GW656
GW657
GW658
GW659
GW660
GW66 1
GW662
GW663

5 8  1 7 . 2 0
5 8  3 8 . 9 0
5 8  4 0 . 9 0
5 8  2 7 . 2 0
5 8  5 3 . 2 0
5 8  5 9 . 9 0
5 8  5 2 . 7 0
5 9  3 9 . 9 0
5 9  5 1 . 3 0
6 0  5 . 5 0
6 0  4 2 . 7 0
6 0  3 4 . 9 0
6 0  1 9 . 3 0
6 0  9 . 0 0
6 0  6 . 3 0
5 9  5 8 . 1 0
5 9  4 9 . 7 0
5 9  5 0 . 1 0
5 9  6 . 3 0
5 9  1 2 . 5 0
5 9  14.10
5 9  1 7 . 9 0
5 9  2 6 . 1 0
5 9  3 2 . 7 0
6 0  13.40
6 0  1 2 . 8 0
5 9  3 7 . 8 0
5 9  2 9 . 6 0
5 9  3 1 . 5 0
5 9  4 2 . 6 0
5 9  4 1 . 7 0
5 9  3 2 . 8 0
5 9  1 8 . 1 0
5 9  6 . 7 0
5 9  8 . 7 0
5 8  5 3 . 4 0
5 8  +9.00
5 8  4 9 . 7 0
5 9  0 . 6 0
5 9  3 9 . 5 0
5 9  3 8 . 0 0
5 9  4 3 . 3 0
5 9  3 4 . 6 0
5 9  3 7 . 8 0
5 9  1 3 . 7 0
5 9  1 6 . 6 0
5 9  1 9 . 9 0
5 9  2 3 . 3 0
5 9  2 5 . 6 0
5 9  2 9 . 9 0
59 3 5 . 4 0
5 9  3 5 . 4 0
5 9  3 5 . 4 0
5 9  2 7 . 6 0
5 9  3 5 . 4 0

1 5 4 1 . 9 0
1 5 3  2 4 . 7 0
1 5 3  0 . 5 0
1 5 2  5 8 . 0 0
1 5 2  5 4 . 9 0
1 5 2  5 3 . 3 0
1 5 3  1 1 . 1 0
1 5 1  1 4 . 8 0
152 1 . 6 0
151 4 5 . 7 0
1 5 1  2 5 . 5 0
1 5 1  4 1 . 9 0
1 5 1  4 6 . 5 0
1 5 2  2 5 . 7 0
1 5 2  1 5 . 5 0
1 5 2  3 4 . 4 0
1 5 2  5 6 . 0 0
1 5 2  24.20
1 5 3  2 7 . 8 0
1 5 3  5 2 . 9 0
1 5 3  3 9 . 5 0
1 5 3  1 3 . 2 0
1 5 3  3 7 . 0 0
1 5 3  2 0 . 9 0
1 5 2  4 5 . 6 0
1 5 2  3 6 . 0 0
1 5 2  5 5 . 8 0
1 5 3  1 3 . 9 0
1 5 2  3 9 . 6 0
1 5 2  3 7 . 3 0
1 5 2  114.20
1 5 2  1 8 . 3 0
1 5 2  1 5 . 4 0
1 5 2  4 0 . 0 0
1 5 3  5 . 0 0
1 5 3  11.60
1 5 2  1 2 . 3 0
1 5 1  1 9 . 3 0
152 1 . 2 0
1 5 3  1 6 . 5 0
153 3 7 . 8 0
1 5 3  2 2 . 6 0
1 5 1  1 1 . 0 0
1 5 1  1 8 . 4 0
1 5 3  4 0 . 1 0
1 5 3  2 0 . 3 0
1 5 3  5 8 . 3 0
1 5 2  3 8 . 7 0
1 5 2  1 9 . 4 0
1 5 2  0 . 6 0
1 5 1  4 5 . 9 0
1 5 1  4 5 . 9 0
1 5 1  4 5 . 9 0
1 5 1  4 3 . 2 0
1 5 1  4 5 . 9 0

05/78
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
05/78
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
05/78
05/78
0 5 / 7 8
05/78
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
05/78

05/78
05178
0 5 / 7 8
0 5 / 7 8
05/78
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8

0 5 / 7 8
05f78
0 5 / 7 8

0 5 / 7 8
05/78

05/78
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
05/78
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8

1 . 0 0  4 . 0
1 . 0 0  3 . 9
1 . 0 0  4 . 6
1 . 0 0  4 . 9
1.00 4.7
1 . 0 0  4 . 8
1 . 0 0  3 . 8
1 . 0 0  4 . 7
1 . 0 0  4 . 7
1 . 0 0  5 . 0
1 . 0 0  4 . 2
1 . 0 0  4 . 1
1 . 0 0  3 . 3
1 . 0 0  3 . 7
1 . 0 0  3 . 8
1 . 0 0  4 . 0
1 . 0 0  3 . 9
1 . 0 0  3 . 8
1 . 0 0  4.1
1 . 0 0  4 . 3
1 . 0 0
1 . 0 0
1.00 4 . 0
1 . 0 0  4 . 0
1 . 0 0  4 . 0
1 . 0 0  4 . 0
1 . 0 0  4.$
1 . 0 0  4 . 2
1 . 0 0  4 . 4
1 . 0 0  4 . 1
1 . 0 0  4 . 8
1 . 0 0  4 . 7
1 . 0 0  4 . 8
1 . 0 0  4 . 8
1 . 0 0  4 . 8
1 . 0 0
1 . 0 0  5 . 1
1 . 0 0  5 . 0
1 . 0 0  4 . 9
1 . 0 0
1 . 0 0  5 . 5
1 . 0 0  8 . 0
1 . 0 0
1 . 0 0  6 . 0
1 . 0 0  4 . 4
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0  5 . 6
1 . 0 0  5 . 3
1 . 0 0  5 . 8
1 . 0 0  5 . 0
1 . 0 0  5 . 3

3 1 . 5
3 1 . 4
3 1 . 9
3 2 . 0
3 1 . 9
3 2 . 0
3 1 . 3
3 1 . 6

3 0 . 0
3 0 . 8
3 0 . 6
3 0 . 7
3 1 . 2
3 0 . 9
3 0 . 0
3 0 . 7
3t.2
3 1 . 5
3 1 . 3
3 1 . 2
3 0 . 5
2 9 . 0
3 1 . 3
3 1 . 4
3 1 . 7
3 1 . 2
3 1 . 9
3 1 . 9
3 1 . 9
3 1 . 9
31.9
3 1 . 5
3 2 . 2
3 2 . 1
3 1 . 9
2 8 . 0
2 7 . 2
2 7 . 6
3 1 . 2
3 1 . 4
3 1 . 4

3 1 . 8
3 1 . 8
3 1 . 8
2 9 . 5
3 1 . 8

COOK INLET WATER ST 370
COOK INLET WATER ST 380
COOK INLET WATER ST 394
COOK INLET MATER ST 388
COOK INLET WATER ST 395
COOK INLET MATER ST 207
COOK INLET WATER ST 390
COOK INLET WATER ST 229
COOK INLET WATER ST 249
COOK INLET WATER ST 246
COOK INLET WATER ST 266
COOK INLET WATER ST 265
COOK INLET MATER ST 255
COOK INLET WATER ST 242
COOK INLET WATER ST 245
COOK INLET WATER ST 247
COOK INLET WATER ST 233
COOK INLET WATER ST 248
COOK INlET WATER ST 203
COOK INLET WATER ST 201
COOK INLET WATER ST 204
COOK INLET WATER ST 214
COOK INLET WATER ST 211
COOK INLET WATER ST 212
COOK INLET WATER ST V BEACH
COOK INLET WATER ST U BEACH
COOK INLET WATER ST 234
COOK INLET WATER ST 213
COOK INLET WATER ST 225
COOK INLET WATER ST 235
COOK INLET WATER ST 236
COOK INLET WATER ST 226
COOK INLET WATER ST 216
COOK INLET WATER ST 205
COOK INLET WATER ST 206
COOK INLET WATEWATERT 390
C O O K  I N L E T  W A T E R  S T  3 9 8
C O O K  I N L E T  W A T E R  S T  1 0 5
cooK  I N L E T  WATER  S T  1 0 6
C O O K  I N L E T  WATEWATERT  A A  B E A C H
COOK INLET  WATER ST  AM B E A C H
COOK INLET  WATER ST  M B E A C H
COOK INLET  WATEWATERT J  BEACH
COOK INLET  WATER ST  CB8
COOK INLET  WATER ST  CB1
C O O K  I N L E T  W A T E R  S T  C B 2
COOK INLET  WATER ST  CB3
COOK INLET  WATER ST  CB4
COOK INLET  WATER ST  CB5
COOK INLET  WATER ST  CB6
C O O K  I N L E T  W A T E R  S T  C B 7  0 3 3 0  H R S
C O O K  I N L E T  W A T E R  S T  C B 7  0 9 3 0  H R S
C O O K  I N L E T  W A T E R  S T  C B 7  1530 H R S
COOK INLET  WATER ST  AB BEACH
C O O K  I N L E T  W A T E R  S T  C B 7  2 2 3 0



GW664
GW665
GW666
GW667
GW668
GW669
GW670
Gb167 !
GW672
GW673
GW674
GW675
GW676
GW677
GW678
GW679
GW680
GW681
GW682
GW683
BB601
BB602
BB603
BB604
BB605
BB606
BB607
BB608
BU609
BB61O
BB611
BB612
BB613
BB614
BB615
BB616
llB617
BB618
BB619
BB620
BB621
BB622
BB623
BB624
BB626
BB627
BB628
BB629
BB630
BB631
BB632
99633
BB634
BB635
BB636

5 9  35.40
5 9  3 5 . 4 0
5 9  3 5 . 4 0
5 9  3 5 . 4 0
5 9  3 5 . 4 0
5 9  3 6 . 5 0
6 0  3 1 . 5 0
6 0  3 1 . 5 0
6 0  3 1 . 5 0
6 0  3 1 . 5 0
6 0  3 1 . 5 0
6 0  2 8 . 2 0
6 0  2 8 . 2 0
6 0  2 8 . 2 0
6 0  2 8 . 2 0
6 0  2 8 . 2 0
6 0  2 8 . 2 0
6 0  2 8 . 2 0
6 0  2 8 . 2 0
6 0  28.20
7 1  2 2 . 0 0
7 1  2 2 . 0 0
7 1  2 2 . 0 0
7 1  2 2 . 0 0
71 2 2 . 0 0
7 t  2 2 . 0 0
7 1  2 2 . 0 0
7t 2 2 . 0 0
7 0  3 6 . 0 0
7 0  2 9 . 0 0

7 0  2 2 . 0 0
7 0  2 1 . 9 0
7 0  1 0 . 0 0
7 0  1 3 . 0 0
7 0  1 4 . 5 0
70 1 0 . 5 0
7 0  5 . 0 0
6 9  5 9 . 0 0
7 0  1 3 . 0 0
7 0  9 . 0 0
6 9  5 9 . 0 0
6 9  5 6 . 0 0
6 9  5 7 . 0 0
6 9  4 7 . 0 0
6 9  4 1 . 0 0
6 9  4 9 . 0 0
7 0  8 . 0 0
7 0  2 6 . 0 0
7 0  2 8 . 0 0
7 0  1 3 . 0 0
7 0  9 . 0 0
7 0  1 9 . 3 0

;; 6::::

1 5 1  4 5 . 9 0
1 5 1  4 5 . 9 0
151 4 5 . 9 0
1 5 1  4 5 . 9 0
1 5 1  4 5 . 9 0
1 5 1  2 5 . 5 0
151 3 0 . 9 0
1 5 1  3 0 . 9 0
1 5 1  3 0 . 9 0
151 3 0 . 9 0
1 5 1  3 0 . 9 0
152 12.20
1 5 2  12.20
1 5 2  1 2 . 2 0
1 5 2  1 2 . 2 0
1 5 2  1 2 . 2 0
1 5 2  1 2 . 2 0
1 5 2  1 2 . 2 0
1 5 2  1 2 . 2 0
152 1 2 . 2 0
1 5 6  2 1 . 0 0
1 5 6  2 1 . 0 0
156 21.00
1 5 6  2 1 . 0 0
156 2 1 . 0 0
1 5 6  2 1 . 0 0
1 5 6  2 1 . 0 0
1 5 6  2$.00
147 3 8 . 7 0
1 4 7  2 3 . 0 0

+48 8 . 0 0
1 4 6  5 1 . 7 0
1 4 5  5 6 . 0 0
1 4 7  1 7 . 0 0
145 5 1 . 5 0
1 4 5  5 5 . 0 0
1 4 5  2 9 . 0 0
1 4 4  5 4 . 0 0
1 4 3  2 0 . 0 0
143 2 1 . 0 0
1 4 2  1 6 . 0 0
142 1 9 . 0 0
1 4 2  2 0 . 0 0
141 2 6 . 0 0
1 4 1  1 6 . 0 0
141 5 1 . 0 0
1 4 2  4 9 . 0 0
1 4 3  4 2 . 0 0
1 4 3  4 2 . 0 0
1 4 3  5 4 . 0 0
1 4 4  4 7 . 5 0
1 4 6  3 0 . 3 0
147 5 4 . 8 0
1 4 8  3 4 . 0 0

05/78
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
05178
05/78
05/78
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
05178
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / ’ 7 8
0 5 / 7 8
0 5 / 7 8
0 5 / 7 8
08119178
08/19/78
0 8 / 1 9 / 7 8
08119/78
08/19/78
08119178
0 8 / 1 9 / 7 8
0 8 / 1 9 / 7 8
0 9 / 7 8
0 9 / 7 8
09178
0 9 / 7 8
09178
09178
0 9 / 7 8
0 9 / 7 8
0 9 / 7 8
09178
0 9 / 7 8
09178
0 9 / 7 8
09/78
0 9 / 7 8
0 9 / 7 8
0 9 / 7 8
09/78
0 9 / 7 8
0 9 / 7 8
09178
09178
09/78
0 9 / 7 8
09/78
09/78
09/78

1 . 0 0  5 . 8
1 . 0 0  5 . 4
1 . 0 0  5 . 9
1 . 0 0  5 . 4
1 . 0 0  5 . 5
1 . 0 0  6 . 0
1.00 4 . 1
1 . 0 0
1 . 0 0  fi.z
1 . 0 0  4.4
1 . 0 0  4 . 2
1 . 0 0  4 . 7
1 . 0 0  4 . 7
1 . 0 0  4 . 9
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
1 . 0 0
3 . 0 0
3 . 0 0
3 . 0 0
3 . 0 0
3 . 0 0
3 . 0 0
3 . 0 0
3 . 0 0

2 1 . 0 0  - 0 . 7
2 5 . 0 0  - 0 . 3

5 . 0 0  - 2 . 5
5 . 0 0  - 2 . 5

2 2 . 0 0  - 0 . 1
3 . 0 0  - 2 . 5
$.00 4.0

2 3 . . 0 0  0 . 4
1 . 0 0  1.5
2 . 0 0  1 . 5
2 . 5 0  3 . 5

2 5 . 0 0  2 . 6
3 . 0 0  2 . 0

1 8 . 0 0  4 . 1
5 . 0 0  2 . 0
1 . 0 0  2 . 0

2 1 . 0 0  3 . 4
3 . 0 0  6 . 0
5 . 0 0  5 . 0

1 9 . 0 0  3 . 0
5 4 . 0 0  4 . 4
6 0 . 0 0  4 . 2
3 0 . 0 0  2 . 9
2 0 . 0 0  2 . 3 ’
2 2 . 0 0  -1.0
5 0 . 0 0  - 0 . 2
2 4 . 0 0  0.1

3 1 . 8
3 1 . 7
3 1 . 8
3 1 . 8
3 1 . 8
2 9 . 0
2 9 . 5

2 9 . 6
2 9 . 3
2 9 . 5
3 0 . 7
3 0 . 4
3 0 . 5
3 0 . 5
3 0 . 6
3 0 . 2
3 0 . 5
3 0 . 4
3 0 . 5

2 1 . 3
21.1
2 5 . 5
2 6 . 2
2 2 . 5
26.4
25.5
23.6
26.3
24.7
27.0
26.3
29.3
28.5
28.1
27.5
29.0
26.0

28.1
25.6
26.3
27.3
25.1
26.1
15.9
10.3

C O O K  I N L E T  W A T E R  S T  C B 7  0 3 3 1
C O O K  I N L E T  W A T E R  S T  C B 7  1 0 1 5
C O O K  I N L E T  W A T E R  S T  C B 7  1 6 0 0
C O O K  I N L E T  M A T E R  S T  C B 7  2 2 0 0
C O O K  I N L E T  W A T E R  S T  C B 7  0 4 0 0
C O O K  I N L E T  W A T E R  S T  K B E A C H
C O O K  I N L E T  W A T E R  S T  CBIO 2 1 0 0  H R S
C O O K  I N L E T  W A T E R  S T  CBIO 0 2 3 0  H R S
C O O K  I N L E T  W A T E R  S T  C B 1 O  0 8 3 0  H R S
C O O K  I N L E T  W A T E R  S T  C B 1 O  1 5 1 5  H R S
C O O K  I N L E T  W A T E R  S T  C B 1 O  2101 H R S
C O O K  I N L E T  W A T E R  S T  C B 9  2 1 0 0  H R S
C O O K  I N L E T  W A T E R  S T  C B 9  0 3 2 0  H R S
C O O K  I N L E T  W A T E R  S T  C B 9  0 9 3 0  H R S
C O O K  I N L E T  W A T E R  S T  C B 9  1 5 3 0
C O O K  I N L E T  W A T E R  S T  C B 9  2 1 0 0
C O O K  I N L E T  W A T E R  S T  C B 9  0 3 0 0  HF?S
C O O K  I N L E T  W A T E R  S T  CB9 0 9 0 0  H R S
C O O K  I N L E T  W A T E R  S T  C B 9  1 5 0 0  H R S
C O O K  I N L E T  W A T E R  S T  C B 9  2100 H R S
TIME1500 STA3
TIME1500 S T A 3
TIME1500 S T A 3
TIME1500 S T A 3
TIME1500 S T A 3
TIME1500 S T A 3
TIME1500 S T A 3
TIME1500 S T A 3
B E A U F O R T  S E A  S E D I M E N T  S T  6 0 9
B E A U F O R T  S E A  S E D I M E N T  S T  6 1 0
B E A U F O R T  S E A  S E D I M E N T  S T  6 1 1
B E A U F O R T  S E A  S E D I M E N T  S T  612
B E A U F O R T  S E A  S E D I M E N T  S T  613
B E A U F O R T  S E A  S E D I M E N T  S T  614
B E A U F O R T  S E A  S E D I M E N T  ST 615
B E A U F O R T  S E A  S E D I M E N T  S T  616
B E A U F O R T  S E A  S E D I M E N T  S T  6f7
B E A U F O R T  S E A  S E D I M E N T  S T  618
B E A U F O R T  S E A  S E D I M E N T  S T  619
B E A U F O R T  S E A  S E D I M E N T  S T  6 2 0
B E A U F O R T  S E A  S E D I M E N T  S T  6 2 1
B E A U F O R T  S E A  S E D I M E N T  S T  6 2 2
B E A U F O R T  S E A  S E D I M E N T  S T  6 2 3
B E A U F O R T  S E A  S E D I M E N T  S T  624
B E A U F O R T  S E A  S E D I M E N T  S T  6 2 6
B E A U F O R T  S E A  S E D I M E N T  S T  6 2 7
B E A U F O R T  S E A  S E D I M E N T  S T  6 2 8
B E A U F O R T  S E A  S E D I M E N T  S T  6 2 9
B E A U F O R T  S E A  S E D I M E N T  S T  6 3 0
B E A U F O R T  S E A  SEDIIIENT ST 631
B E A U F O R T  S E A  S E D I M E N T  S T  6 3 2
B E A U F O R T  S E A  S E D I M E N T  S T  6 3 3
B E A U F O R T  S E A  S E D I M E N T  S T  6 3 4
B E A U F O R T  S E A  S E D I M E N T  S T  6 3 5
B E A U F O R T  S E A  S E D I M E N T  S T  6 3 6



BB637
BB638
BB639
BB640
BB641
BB642
BB643
BB644
BB645
BB646
BIO09
BW60 1
Bld604
BM606
BW608
Bld609
BW610
BW61 1
BW612
BW6 13
BW6 14
BW615
BW616
BW617
BW618
Bw619
BW620
BW621
BW622
BW623
BW624
BW625
BW626
BW627
BW628
BW629
BW630
BU631
LIW632
BW633
BW634
BW635
BW636
BW637
BW638
BW639
BW640
BlIJ64 t
BW642
BW643
BW644
BW645
BW646
EB101
EB102

7 0  3 5 . 8 0
7 0  2 6 . 0 0
7 0  2 0 . 5 0
7 0  4 7 . 0 0
7 1  1 4 . 3 0

7 0  3 1 . 5 0
7 0  3 3 . 0 0
7 0  3 0 . 0 0
71 1 . 0 0

71 2 2 . 0 0
7 1  2 2 . 0 0
71 2 2 . 0 0
7 1  2 2 . 0 0
7 0  3 6 . 0 0
7 0  2 9 . 0 0

7 0  2 2 . 0 0
7 0  2 1 . 9 0
7 0  1 0 . 0 0
7 0  1 3 . 0 0
70 14.50
70 1 0 . 5 0
7 0  5 . 0 0
6 9  5 9 . 0 0
70 1 3 . 0 0
7 0  9 . 0 0
6 9  5 9 . 0 0
6 9  5 6 . 0 0
6 9  5 7 . . 0 0
7 1  8 . 0 0
6 9  4 7 . 0 0
6 9  41.00
6 9  4 9 . 0 0
7 0  8 . 0 0
7 0  2 6 . 0 0
7 0  2 8 . 0 0
7 0  1 5 . 0 0
7 0  9 . 0 0
70 1 9 . 3 0
7 1 1 . 4 0
7 0  4 6 . 0 0
7 0  3 5 . 8 0
7 0  2 6 . 0 0
7 0  2 0 . 5 0
7 0  4 7 . 0 0
7 1  1 4 . 3 0

7 0  31.50
7 0  3 3 . 0 0
7 0  3 0 . 0 0
7 1 1 . 0 0
6 4  1 6 . 7 0
6 3  4 5 . 5 0

1 4 8  4 . 0 0
1 4 8  2 4 . 0 0
148 1 9 . 0 0
1 4 9  3 6 . 5 0
1 4 9  3 3 . 5 0

1 4 9  3 4 . 0 0
150 0 . 0 0
150 1 4 . 0 0
1 5 0  2 5 . 0 0

1 5 6  2 1 . 0 0
1 5 6  2 1 . 0 0
1 5 6  2 1 . 0 0
1 5 6  2 1 . 0 0
147 38.70
1 4 7  2 3 . 0 0

1 4 8  8 . 0 0
1 4 6  5 1 . 7 0
1 4 5  5 6 . 0 0
1 4 7  1 7 . 0 0
1 4 5  5 1 . 5 0
1 4 5  5 5 . 0 0
1 4 5  2 9 . 0 0
1 4 4  5 4 . 0 0
1 4 3  2 0 . 0 0
1 4 3  2 1 . 0 0
1 4 2  1 6 . 0 0
1 4 2  1 9 . 0 0
142 2 0 . 0 0
1 4 2  3 . 0 0
1 4 1  2 6 . 0 0
1 4 1  1 6 . 0 0
1 4 1  5 1 . 0 0
1 4 2  4 9 . 0 0
1 4 3  4 2 . 0 0
1 4 3  4 2 . 0 0
1 4 3  4 8 . 0 0
1 4 4  4 7 . 5 0
1 4 6  3 0 . 3 0
1 4 7  5 4 . 8 0
148 3 4 . 0 0
1 4 8  4 . 0 0
1 4 8  2 4 . 0 0
1 4 8  1 9 . 0 0
1 4 9  3 6 . 5 0
149 3 3 . 5 0

149 3 4 . 0 0
150 0 . 0 0
150 1 4 . 0 0
1 5 0  2 5 . 0 0
1 6 5  5 6 . 3 0
1 6 5  5 9 . 1 0

0 9 / 7 8
0 9 / 7 8
09178
0 9 / 7 8
0 9 / 7 8
0 9 / 7 8
0 9 / 7 8
0 9 / 7 8
0 9 / 7 8
09/78
0 9 / 7 8
08/19/78
0 8 / 1 9 / 7 8
0 8 / 1 9 / 7 8
0 8 / 1 9 / 7 8
0 9 / 7 8
09178
09178
09/18
0 9 / 7 8
0 9 / 7 8
O 9/78
09/78
0 9 / 7 8
09/78
09/78
09/78
0 9 / 7 8
09/78
09/78
0 9 / 7 8
0 9 / 0 3 / 7 8
09/78
0 9 / 7 8
0 9 / 7 8
0 9 / 7 8
0 9 / 7 8
09178
0 9 / 7 8
09/78
0 9 / 7 8
09178
09178
0 9 / 7 8
0 9 / 7 8
09/78
0 9 / 7 8
0 9 / 7 8
0 9 / 7 8
09/78
09/78
0 9 / 7 8
0 9 / 7 8
0 4 / 7 9
0 4 / 7 9

2 2 . 0 0  - 0 . 5

2 4 . 0 0  - 0 . 5
6 7 . 0 0  1 . 4
2 7 . 0 0  - 0 . 6

1 . 5 0  2 . 0
3 . 5 0  3 . 0
2 . 0 0  4 . 0

2 5 . 0 0  - 1 . 0
1 . 0 0
3 . 0 0  3 . 0
3 . 0 0  2 . 0
3 . 0 0  2.0
3 . 0 0  1 . 0
1 . 0 0 - 0 . 7
1 . 0 0 - 0 . 3
1 . 0 0  - 2 . 5
1 . 0 0  - 2 . 5
1 . 0 0  - 0 . 1
1 . 0 0  - 2 . 5
1 . 0 0  4 . 0
1 . 0 0  0 . 4
1 . 0 0
1 . 0 0 :::
1 . 0 0  3 . 5
1 . 0 0  2 . 6
1 . 0 0  2 . 0
1 . 0 0  4 . 1
1 . 0 0  2 . 0
1 . 0 0  2 . 0

2 0 0 0 . 0 0  2 . 0
1 . 0 0  3 . 4
1 . 0 0  6 . 0
1 . 0 0  5 . 0
1 . 0 0  3 . 0
9 . ( I O  4 . 4
1 . 0 0  4 . 2
1 . 0 0  2 . 9
1 . 0 0  2 . 3
1 . 0 0 -1.o
1 . 0 0 - 0 . 2
1 . 0 0  0 . 1
1 . 0 0 - 0 . 5

1 . 0 0  - 0 . 5
1 . 0 0  1.4
1 . 0 0 - 0 . 6
1 . 0 0  2 . 0
1 . 0 0  3 . 0
1 . 0 0  4 . 0
1 . 0 0 - 1 . 0

2 2 . 0 0  - 1 . 7
2 6 . 0 0  - 1 . 5

1 6 . 9

1 0 . 5
2 7 . 3
2 5 . 7

26.6

2 5 . 6
2 6 . 0
2 5 . 0

2 1 . 3
2 1 . 1
2 5 . 5
2 6 . 2
2 2 . 5
2 6 . 4
2 5 . 5
2 3 . 6
2 6 . 3
2 4 . 7
2 7 . 0
2 6 . 3
2 9 . 3
2 8 . 5
2 8 . 1
2 7 . 5
2 4 . 1
2 9 . 0
2 6 . 0

2 8 . 1
2 5 . 6
2 6 . 3
2 7 . 3
2 5 . 1
2 6 . 1
1 5 . 9
1 0 . 3
1 6 . 9

1 0 . 5
2 7 . 3
2 5 . 7

2 6 . 6
3 1 . 9
3 1 . 7

BEAUFORT SEA SEDIMENT ST 637
B E A U F O R T  S E A  S E D I M E N T  S T  6 3 8
B E A U F O R T  S E A  S E D I M E N T  S T  6 3 9
B E A U F O R T  S E A  S E D I M E N T  S T  6 4 0
B E A U F O R T  S E A  S E D I M E N T  S T  6 4 1
B E A U F O R T  S E A  S E D I M E N T  S T  6 4 2
B E A U F O R T  S E A  S E D I M E N T  S T  6 4 3
B E A U F O R T  S E A  S E D I M E N T  S T  6 4 4
B E A U F O R T  S E A  S E D I M E N T  S T  6 4 5
B E A U F O R T  S E A  S E D I M E N T  S T  6 4 6
B E A U F O R T  S E A  MATER ST
TIilE1500 S T A 3
TIME1500 S T A 3
TIME1500 S T A 3
TIME1500 S T A 3
B E A U F O R T  S E A  W A T E R  S T  6 0 9
BEAUFORT SEA WATER ST 610
BEAUFORT SEA WATER ST 611
B E A U F O R T  S E A  W A T E R  S T  6 1 2
B E A U F O R T  S E A  W A T E R  S T  6 1 3
B E A U F O R T  S E A  W A T E R  S T  6 1 4
B E A U F O R T  S E A  W A T E R  S T  6 1 5
BEAUFORT SEA WATER ST 616
BEAUFORT SEA WATER ST 617
B E A U F O R T  S E A  MATER ST 618
B E A U F O R T  S E A  W A T E R  S T  6 1 9
BEAUFORT SEA WATER ST 620
BEAUFORT SEA WATER ST  621
B E A U F O R T  S E A  W A T E R  S T  6 2 2
B E A U F O R T  S E A  W A T E R  S T  6 2 3
B E A U F O R T  S E A  W A T E R  S T  6 2 4
TIME1945 STA625
BEAUFORT SEA WATER ST 626
BEAUFORT SEA WATER ST 627
B E A U F O R T  S E A  W A T E R  S T  6 2 8
B E A U F O R T  S E A  W A T E R  S T  6 2 9
BEAUFORT SEA WATER ST 630
BEAUFORT SEA WATER ST 631
B E A U F O R T  S E A  W A T E R  S T  6 3 2
B E A U F O R T  S E A  W A T E R  S T  6 3 3
B E A U F O R T  S E A  M A T E R  S T  6 3 4
B E A U F O R T  S E A  W A T E R  S T  6 3 5
BEAUFORT SEA WATER ST 636
B E A U F O R T  S E A  W A T E R  S T  6 3 7
B E A U F O R T  S E A  W A T E R  S T  6 3 8
B E A U F O R T  S E A  W A T E R  S T  6 3 9
B E A U F O R T  S E A  W A T E R  S T  6 4 0
BEAUFORT SEA WATER ST 641
B E A U F O R T  S E A  W A T E R  S T  6 4 2
B E A U F O R T  S E A  W A T E R  S T  6 4 3
B E A U F O R T  S E A  W A T E R  S T  6 4 4
B E A U F O R T  S E A  W A T E R  S T  6 4 5
BEAUFORT SEA WATER ST 646
B E R I N G  S E A  S T A  1 S E D I M E N T
B E R I N G  S E A  S T A  2  S E D I M E N T



E B 1 0 3
EBI04
E B 1 0 5
E B 1 0 6
E B 1 0 7
E B 1 0 8
E B 1 0 9
E B I 1 O
EB1ll
EB112
EB113
EB114
EB115
EB116
EB117
EB118
EB119
EB120
EB124
EB125
EB126
EB127
EB128
EB129
EW101
EU102
EW103
EU104
EW105
EW106
EW107
Ewlo8
EW109
EW11O
EW1ll
EW112
EW113
EW114
EW115
Ebll16
EW1 t7
EW118
EW119
EW120
EW121
EW122
Eld123
EW124
EW125
EW126
EW127
EW128
EW129
EZ125
EZ126

6 3  3 2 . 9 0  1 6 6  5 3 . 4 0
6 3  5 5 . 7 0  167 3 6 . 5 0
6 4  3 0 . 4 0  1 6 6  2 3 . 8 0
6 6  3 6 . 9 0  1 6 8  2 4 . 9 0
6 6  2 6 . 3 0  1 6 8  2 6 . 5 0
6 5  65.20 1 6 8  3fi.40
6 5  3 7 . 0 0  1 6 8  3 7 . o o
6 5  3 0 . 5 0  168 6 . 2 0
6 5  2 . 3 0  1 6 8  1 5 . 9 0
6 4  3 1 . 0 0  167 41.80
6 4  3 8 . 8 0  168 2 6 . 7 0
6 4  1 2 . 8 0  1 6 8  5 7 . 4 0
6 3  5 1 . 1 0  1 7 0  2 8 . 1 0
6 4 1 . 1 0  1 7 1  2 4 . 4 0
6 3  4 4 . 2 0  169 1 2 . 1 0
6 3  1 8 . 2 0  168 2 1 . 5 0
57 6.20 170 0.20
5 6  2 6 . 4 0  1 6 9  2 3 . 8 0
5 4  5 6 . 7 0  1 6 4  3 7 . 0 0

5 4  1 2 . 9 0  161 5 3 . 3 0
5 6  2 1 . 6 0  1 5 5  3 2 . 7 0
5 9  8 . 6 0  1 5 2  5 3 . 6 0

6 4  1 7 . 2 0  1 6 5  5 8 . 6 0
6 3  4 5 . 6 0  1 6 5  5 8 . 6 0
6 3  3 2 . 7 0  1 6 6  5 3 . 0 0
6 3  5 6 . 0 0  1 6 7  3 5 . 8 0
6 4  3 0 . 0 0  166 2 3 . 2 0
6 6  3 5 . 1 0  1 6 8  2 6 . 0 0

6 5  4 4 . 1 0  1 6 8  3 4 . 2 0
6 5  3 5 . 6 0  1 6 8  3 6 . 0 0
6 5  2 9 . 6 0  1 6 8  6 . 2 0
6 5 1 . 2 0  1 6 8  1 5 . 5 0
6 4  2 7 . 8 0  1 6 7  4 0 . 1 0
6 4  3 6 . 6 0  1 6 8  2 5 . 2 0
6 4  12.20 1 6 8  5 6 . 2 0
6 3  5 0 . 9 0  1 7 0  2 5 . 9 0
6 4  0 . 5 0  1 7 1  2 5 . 5 0
6 3  44.80 1 6 9  1 2 . 2 0
6 3  1 7 . 9 0  1 6 8  2 1 . 1 0
57 7.10 170 0.60
5 6  2 7 . 6 0  1 6 9  2 4 . 7 0
5 5  3 6 . 4 0  1 6 8  5 1 . 2 0
5 5  1 5 . 5 0  1 6 7  1 2 . 4 0
5 4  3 4 . 2 0  1 6 5  5 8 . 9 0
5 5  3 . 9 0  1 6 4  3 5 . 2 0
5 4  1 0 . 5 0  1 6 3  4 7 . 7 0
5 4  1 4 . 7 0  161 5 2 . 5 0
5 6  2 1 . 5 0  155 3 0 . 7 0
5 9  7 . 0 0  152 5 4 . 5 0

5 4  9 . 1 0  1 6 3  4 7 . 7 0
5 4  f3.10 1 6 1  5 3 . 3 0

0 4 / 7 9
0 4 / 7 9
0 4 / 7 9
04/79
0 4 / 7 9
04/79
0 4 / 7 9
0 4 / 7 9
0 4 / 7 9
0 4 / 7 9
04/79
0 4 / 7 9
0 4 / 7 9
0 4 / 7 9
04/79
0 4 / 7 9
0 4 / 7 9
04f79
0 4 / 7 9
0 4 / 7 9
04179
0 4 / 7 9
04/79
04/79
0 4 / 7 9
04179
0 4 / 7 9
04179
0 4 / 7 9
0 4 / 7 9
0%/79
04/79
0 4 / 7 9
04/79
04/79
04179
04/79
04/79
0 4 / 7 9
0 4 / 7 9
04179
04/79
0 4 / 7 9
04/79
0 4 / 7 9
0 4 / 7 9
0 4 / 7 9
0 4 / 7 9
04179
0 4 / 7 9
0 4 / 7 9
0 4 / 7 9
0 4 / 7 9
04/79
0 4 / 7 9

3 1 . 0 0  - 1 . 6
3 4 . 0 0  - 1 . 7
2 1 . 0 0  -1.7
3 6 . o o  - 1 . 7
5 2 . 0 0
5 8 . 0 0
5 1 . 0 0  - 1 . 7
4 5 . 0 0  - 1 . 3

- 1 . 4
3 5 . 0 0  - 1 . 2
4 3 . 0 0  - 1 . 6
3 6 . 0 0  - 1 . 8
3 3 . 0 0  - 1 . 6
3 2 . 0 0  - 1 . 7
3 5 . 0 0  - 1 . 7
4 6 . 0 0  - 1 . 3
5 4 . 0 0  - 2 . 7

lt9.oo - 3 . 5
6 0 . 0 0  -4.4

7 6 . 0 0  - 4 . 0
- 4 . 7

1 5 1 . 0 0  - 4 . 7
0 . 5 0
1 . 0 0 - 1 . 7
1 . 0 0 - 1 . 5
1 . 0 0 - 1 . 6
1 . 0 0 - 1 . 6
1 . 0 0 - 1 . 6
1 . 0 0 - 1 . 3

1 . 0 0
5 . 0 0 - 1 . 7
1 . 0 0 - 1 . 3
1 . 0 0 - 1 . 4
1 . 0 0 -1.1
1 . 0 0 - 1 . 5
1 . 0 0 - 1 . 7
1 . 0 0 - 1 . 5
1 . 0 0 - 1 . 5
1 . 0 0 -t.6
1 . 0 0 - 1 . 1
1 . 5 0  - 2 . 7
1 . 0 0  - 3 . 9
1 . 0 0
1 . 0 0
1 . 0 0  - 4 . 5
1 . 0 0  - 4 . 8
1 . 0 0  - 4 . 7
1.00 - 4 . 6
1 . 0 0  - 5 . 0
1 . 0 0  - 5 . 0
0 . 5 0

8 0 . 0 0  -4.0
7 5 . 0 0  - 4 . 0

3 1 . 6
3 1 . 9
3 1 . 5
3 1 . 7

3 1 . 7
31.5
3 2 . 4
3 1 . 6
3 2 . 2
3 2 . 5
3 2 . 0
3 2 . 0
3 2 . 4
31.5
3 5 . 0
3 2 . 4
3 2 . 4

3 2 . 3
3 2 . 3
3 2 . 1

3 1 . 8
3 1 . 7
3 1 . 6
3 1 . 9
3 1 . 2
3 1 . 6

3 1 . 7
3 1 . 4
3 2 . 3
3 1 . 6
3 2 . 2
3 2 . 4
3 2 . 0
3 2 . 0
3 2 . 2
31.ft
3 2 . 6
3 2 . 5

3 2 . 8
3 2 . 2
3 1 . 7
3 1 . 8
3 2 . 2
3 2 . 1

3 2 . 3
3 2 . 3

B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S
B E R I N G  S E A  S

“A 3 SEDIMENT
“ A  4  S E D I M E N T
“ A  5  S E D I M E N T
“ A  6  S E D I M E N T
“ A  7  S E D I M E N T
“ A  8  S E D I M E N T
‘A 9  S E D I M E N T
“ A  1 0 S E D I M E N T
“ A  llSEDIMENT
‘ A  12SEDIMENT
“ A  1 3  S E D I M E N T
“ A  1 4  S E D I M E N T
‘ A  1 5  S E D I M E N T
“ A  1 6  S E D I M E N T
“ A  1 7  S E D I M E N T
: A  1 8  S E D I M E N T
A  1 9  S E D I M E N T

‘ A  2 0  S E D I M E N T
‘ A  2 4  S E D I M E N T
“A 2 5  S E D I M E N T
“ A  2 6  S E D I M E N T
“A 27 SEDIMENT
“A 28 SEDIMENT
“A P BEACH SEDIMENT
‘A 1 WATER

B E R I N G  S E A  S T A  2  W A T E R
B E R I N G  S E A  S T A  3  W A T E R
B E R I N G  S E A  S T A  4  W A T E R
B E R I N G  S E A  S T A  5  W A T E R
B E R I N G  S E A  S T A  6  W A T E R
B E R I N G  S E A  S T A  7  W A T E R
B E R I N G  S E A  S T A  8  W A T E R
B E R I N G  S E A  S T A  9  W A T E R
B E R I N G  S E A  S T A  1 0  M A T E R
B E R I N G  S E A  S T A  11 W A T E R
B E R I N G  S E A  S T A  1 2  W A T E R
B E R I N G  S E A  S T A  13 W A T E R
B E R I N G  S E A  S T A  1 4  W A T E R
B E R I N G  S E A  S T A  1 5  W A T E R
B E R I N G  S E A  S T A  1 6  W A T E R
B E R I N G  S E A  S T A  1 7  W A T E R
B E R I N G  S E A  S T A  1 8  W A T E R
B E R I N G  S E A  S T A  1 9  W A T E R
B E R I N G  S E A  S T A  2 0  W A T E R
B E R I N G  S E A  S T A  21 W A T E R
B E R I N G  S E A  S T A  2 2  W A T E R
B E R I N G  S E A  S T A  2 3  W A T E R
B E R I N G  S E A  S T A  24 W A T E R
B E R I N G  S E A  S T A  2 5  W A T E R
B E R I N G  S E A  S T A  2 6  W A T E R
B E R I N G  S E A  S T A  2 7  W A T E R
B E R I N G  S E A  S T A  2 8  W A T E R
B E R I N G  S E A  S T A  P  B E A C H  W A T E R
B E R I N G  S E A  S T A  2 5  B O T T O M  W A T E R
B E R I N G  S E A  S T A  2 6  B O T T O M  W A T E R



AA206
AA228
AA301
AA302
AA303
AA304
AA305
AA306
AA307
AA308
AA309
AA310
AA311
AB203
AB211
AB216
AB222
ABZ38
AB247
AB250
AB253
AB262
AB270
AB273
AB276
AB279
AB285
AB288
AB291
AB294
AW202
AW206
AW21 1
AW213
AbJ214
AW215
AW216
AW217
AW219
AW220
AW221
AW222
AW223
AW225
AW226
AW227
AW228
AU229
A14232
AW233
AW234
AN235
AW236
AlA1237
AW238

5 7  1 1 . 4 0
5 5  8 . 0 0
5 4  5 8 . 2 0
54 5 8 . 2 0
5 5  1 9 . 8 0
5 5  1 9 . 8 0
54 4 6 . 2 0
5 4  3 7 . 2 0
5 3  5 2 . 2 0
5 4  3 . 0 0
5’4 3 . 0 0
5+ 1 1 . 4 0
5 5  5 0 . 5 0
5 8 1 . 5 0
5 7  5 1 . 2 0
5 7  6 . 8 0
5 6  4 8 . 9 0
5 6  2 . 0 0
5 6  4 2 . 3 0
5 6  2 7 . 8 0
5 6  9 . 9 0
5 5  3 5 . 0 0
5 6  4 . 1 0
5 6  5 5 . 0 0
5 7  6 . 9 0
5 5  5 7 . 0 0
5 5  1 9 . 6 0
5 5  5 4 . 9 0
5 6  4 8 . 6 0
5 5  5 2 . 1 0
5 5  5 5 . 0 0
5 8  1 . 5 0
5 8  0 . 3 0
5 8  0 . 3 0
5 8  0 . 6 0
5 7  5 1 . 2 0
5 7  51.00
5 7  3 2 . 1 0
5 7  3 2 . 4 0
5 7  3 2 . 1 0
5 7  6 . 8 0
5 7  6 . 8 0
5 7  2 9 . 9 0
5 7  3 0 . 0 0
5 7  2 9 . 9 0
5 7  11.40
5 7  lt.40
5 6  4 3 . 2 0
5 6  4 3 . 2 0
5 6  4 3 . 2 0
5 6  2 9 . 0 0

5 6  2 9 . 0 0
5 6  4 8 . 9 0

1 6 0 0 . 3 0
1 6 3  3 0 . 6 0
164 2 7 . 6 0
1 6 4  2 7 . 6 0
1 6 4  5 4 . 0 0
1 6 4  5 4 . 0 0
1 6 6  3 4 . 8 0
166 5 . 4 0
1 6 4  2 5 . 8 0
1 6 4  2 8 . 8 0
1 6 4  2 8 . 8 0
1 6 4  3 0 . 0 0
1 6 0  5 4 . 8 0
1 5 7  5 2 . 6 0
$58 5 4 . 7 0
1 5 8  4 7 . 2 0
160 2 8 . 6 0
160 4 4 . 1 0
1 6 1  2 8 . 1 0
1 6 1  4 3 . 3 0
1 6 2  2 4 . 2 0
165 1 2 . 8 0
166 3 9 . 4 0
1 6 6  4 4 . 9 0
1 6 8  6 . 4 0
168 1 1 . 5 0
1 6 7  6 . 8 0
1 6 6  6 . 7 0
1 6 4  3 6 . 9 0
1 6 0  5 2 . 3 0
160 2 9 . 7 0
1 5 7  5 2 . 6 0
1 5 8  3 2 . 7 0

3 2 . 7 0
1 5 8  3 2 . 4 0
1 5 8  5 4 . 7 0
158 5 4 . 6 0
1 5 8  1 1 . 4 0
1 5 8  1 1 . 4 0
1 5 8  1 1 . 4 0
1 5 8  4 7 . 2 0
1 5 8  4 7 . 2 0
159 2 4 . 2 0
1 5 9  2 4 . 0 0
1 5 9  2 4 . 2 0
1 6 0 0 . 3 0
1 6 0 0 . 3 0
1 5 9  2 8 . 5 0
1 5 9  2 8 . 5 0
1 5 9  2 8 . 5 0
!60 7 . 3 0

1 6 0  7 . 3 0
1 6 0  2 8 . 6 0

0 8 / 8 0
08/80
08/80
08/80
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
08/80
0 8 / 8 0
08/80
0 8 / 8 0
0 8 / 8 0
08/80
08/80
08/80
0 8 / 8 0
0 8 / 8 0
08/80
0 8 / 8 0
0 8 / 8 0
08/80
0 8 / 8 0
08/80
0 8 / 8 0
0 8 / 8 0
08/80
03/80
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
08/80
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 S / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0

6 0 . 0 0  7 . 6  3 1 . 6
0 . 0 0  9 . 4  3 1 . 5
0 . 0 0  8 . 1  3 1 . 8

3 2 . 0 0  7 . 5  3 2 . 1
0 . 0 0  8 . 0  3 2 . 1

9 8 . 0 0  5 . 6  3 2 . 9
0 . 0 0  7 . 4  3 2 . 6
0 . 0 0  7 . 8  3 2 . 7
0 . 0 0  1 0 . 1  3 1 . 9
0 . 0 0 9 . 6  3 1 . 8

9 9 . 0 0  5 . 6  3 2 . 4
0 . 0 0 9 . 4  3 1 . 7

2 4 . 0 0  1 1 . 8  2 8 . 7
4 4 . 0 0  1 0 . 0  3 0 . 1
2 7 . 0 0  1 0 . 4  3 1 . 0
6 5 . 0 0  7 . 3  31.6
19.oo 1 0 . 6  3 1 . 1
8 8 . 0 0  5 . 7  3 1 . 7
9 6 . 0 0  5 . 9  3 1 . 7
7 3 . 0 0  5 . 8  3 1 . 8
15.00 4 . 8  3 2 . 7
3 0 . 0 0  3 . 9  3 2 . 7
7 7 . 0 0  3 . 2  3 2 . 2
7 9 . 0 0  3 . 4  3 2 . 2
4 0 . 0 0  4 . 1  3 3 . 1
4 2 . 0 0  3 . 8  3 3 . 0
3 0 . 0 0  4 . 3  3 2 . 4
7 3 . 0 0  3 . 2  3 1 . 9

0 . 0 0
0.00
0 . 0 0  1 1 . 8  2 6 . 9
0 . 0 0  1 1 . 8  2 6 . 4

17.00 lt.1 2 8 . 7
2 7 . 0 0  11.0 2 8 . 9

0 . 0 0  tl.1 2 9 . 1
3 4 . 0 0  1 0 . 0  3 0 . 1

0 . 0 0  1 0 . 9  3 0 . 7
18.00 1 0 . 9  3 0 . 7
2 8 . 0 0  t O . 9  3 0 . 7

0 . 0 0  1 0 . 4  3 0 . 9
17.00 1 0 . 4  3 0 . 9

0 . 0 0  1 0 . 0 3 1 . 2
4 3 . 0 0  9 . 2  3 1 . 2
5 3 . 0 0  9 . 2  31.3

0 . 0 0  8 . 4  3 1 . 5
4 0 . 0 0  7 . 7  3 1 . 6

0 . 0 0  1 0 . 6 3 0 . 8
15.00 1 0 . 5  3 0 . 1
2 5 . 0 0  1 0 . 5  3 1 . 1

0 . 0 0  1 0 . 3  3 1 . 3
8 . 0 0  1 0 . 3  3 1 . 3

18.00 1 0 . 3  3 1 . 3
0 . 0 0  8 . 3  31.6

NASTE STA PM7A  S E D I M E N T
NASTE S T A  N A 1 7  S E D I M E N T
NASTE STA NA65A WATER
N A S T E  S T A  N A 7 2  blATER
NASTE S T A  N A 7 2  M I D  W A T E R
NASTE STA NA67  WATER
N A S T E  S T A  N A 6 7  M I D  W A T E R
NASTE STA UP 8  WATER
NASTE STA UP 9  WATER
NASTE STA UP 19  WATER
NASTE S T A  U P  1 8  W A T E R
N A S T E  S T A  U P 1 8  S E D I M E N T
NASTE S T A  U P 1 7  W A T E R
N A S T E  S T A  P M  6 A  S E D I M E N T
N A S T E  S T A  N A  4 A  S E D I M E N T
NASTE S T A  N A  5 A  S E D I M E N T
NASTE S T A  N A 1 6  S E D I M E N T
N A S T E  S T A  N A 2 3  S E D I M E N T
N A S T E  S T A  NA40 S E D I M E N T
N A S T E  S T A  NA34B S E D I M E N T
N A S T E  S T A  NA41 S E D I M E N T
NASTE S T A  N A 4 7  S E D I M E N T
N A S T E  S T A  SG 7  S E D I M E N T
N A S T E  S T A  SG 5  S E D I M E N T
NASTE S T A  SG 4  S E D I M E N T
N A S T E  S T A  SG 2  S E D I M E N T
N A S T E  S T A  U P  3  S E D I M E N T
NASTE S T A  F L  4  S E D I M E N T
N A S T E  S T A  P L  8  S E D I M E N T
N A S T E  S T A  PL14 S E D I M E N T
NASTE STA PM 6  WATER
NASTE STA PM 7A  BOTTOM WATER
NASTE STA NA 4A  WATER
NASTE STA NA 1A  WATER
NASTE STA NA 1A  BOTTOM WATER
NASTE S T A  N A  1 A  M I D  W A T E R
NASTE STA NA 5A  WATER
NASTE STA NA 5A MID W A T E R
NASTE STA NA1O  W A T E R
NASTE STA NA1O MID WATER
NASTE STA NA1O BOTTOM WATER
NASTE STA NA16 W A T E R
NASTE STA NA16 MID W A T E R
NASTE STA NA1l W A T E R
NASTE STA NAlf MID WATER
NASTE STA NAI1 BOTTOM WATER
NASTE S T A  N A 1 7  W A T E R
NASTE STA NA17 MID WATER
NASTE S T A  N A 2 2  W A T E R
N A S T E  S T A  N A 2 2  M I D  W A T E R
NASTE STA NA22  BOTTOM WATER
NASTE STA NA27  WATER
N A S T E  S T A  N A 2 7  M I D  W A T E R
NASTE STA NA27  BOTTOM WATER
NASTE STA NA23  WATER



N
m
02

AW239
AW24  1
AW242
AW243
AW244
AW245
AlJ246
AW247
AW248
AW250
Ab1251
AW253
AW25ft
AW256
AW257
AW258
AW259
AW260
AW261
AW262
AW263
AW265
AW266
AW267
AW270
AW271
AW273
AW274
AW276
AW277
AW279
AW28 O
AW282
AW283
AW284
AW285
AW286
AW288
AW289
AW291
AW292
AW294
AW295

5 6  4 8 . 9 0  1 6 0  2 8 . 6 0
5 6  4 1 . 8 0  160 5 6 . 6 0
5 6  4 1 . 8 0  1 6 0  5 6 . 6 0
5 6  4 1 . 8 0  160 5 6 . 6 0
5 6  1 5 . 3 0  1 6 0  2 7 . 7 0
5 6  1 5 . 3 0  1 6 0  2 7 . 7 0
5 6  1 5 . 3 0  !60 2 7 . 7 0
5 6  2 . 0 0  1 6 0  4 4 . 1 0
5 6  2 . 0 0  1 6 0  4 4 . 1 0
5 6  4 2 . 3 0  161 2 8 . 1 0
5 6  4 2 . 3 0  161 2 8 . 1 0
5 6  2 7 . 8 0  161 4 3 . 3 0
5 6  2 7 . 8 0  161 4 3 . 3 0
5 6  2 . 1 0  1 6 1  16.20
5 6  2.tO 161 16.20
5 6  2 . 1 0  161 1 6 . 2 0
5 5  4 8 . 9 0  162 1 . 9 0
5 5  4 8 . 9 0  162 1 . 9 0
5 5  4 8 . 9 0  1 6 2  1 . 9 0
5 6  9 . 9 0  1 6 2  2 4 . 2 0
5 6  9 . 9 0  1 6 2  2 4 . 2 0
5 5  2 6 . 0 0  1 6 2  54.10
5 5  2 6 . 0 0  1 6 2  54.10
5 5  2 6 . 0 0  162 54.10
5 5  3 5 . 0 0  165 1 2 . 8 0
5 5  3 5 . 0 0  1 6 5  1 2 . 8 0
5 6  4.10 166 3 9 . 4 0
5 6  4 . 1 0  166 3 9 . 4 0
5 6  5 5 . 0 0  166 4 4 . 9 0
5 6  5 5 . 0 0  166 4 4 . 9 0
57 6.90 168 6.40
57 6.90 168 6.40
5 6  3 9 . 7 0  169 2 4 . 5 0
5 6  3 9 . 7 0  169 2 4 . 5 0
5 6  3 9 . 7 0  169 2 4 . 5 0
5 5  5 7 . 0 0  168 11.50
5 5  5 7 . 0 0  168 11.50
5 5  1 9 . 6 0  167 6 . 8 0
5 5  1 9 . 6 0  1 6 7  6 . 8 0
5 5  5 4 . 9 0  166 6 . 7 0
5 5  5 4 . 9 0  166 6 . 7 0
5 6  4 8 . 6 0  1 6 4  3 6 . 9 0
5 6  4 8 . 6 0  1 6 4  3 6 . 9 0

0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
08/80
0 8 / 8 0
08/80
0 8 / 8 0
08/80
08/80
08/80
0 8 / 8 0
08/80
0 8 / 8 0
08/80
0 8 / 8 0
08/80
0 8 / 8 0
0 8 / 8 0
08/80
08/80
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
08/80
0 8 / 8 0
08/80
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
08180
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
0 8 / 8 0
08/80
0 8 / 8 0
08/80

55.00 7.3 31.6
0.00 8.1 3 1 . 6

5 5 . 0 0  7 . 5  3 1 . 6
6 5 . 0 0  7 . 4  3 1 . 6

0 . 0 0  1 0 . 3  3 1 . 2
1 2 . 0 0  1 0 . 3  3 1 . 2
2 2 . 0 0  10.3 3 1 . 3

0 . 0 0  1 0 . 7  3 1 . 1
9 . 0 0  1 0 . 6 3 1 . 1
0 . 0 0  8 . 3  3 1 . 7

7 8 . 0 0  5 . 7  3 1 . 7
0 . 0 0  8 . 1  3 1 . 7

8 6 . 0 0  5 . 9  3 1 . 7
0 . 0 0  1 1 . 3  3 1 . 1

1 8 . 0 0  1 0 . 5  3t.2
2 8 . 0 0  10.4 3 1 . 3

0 . 0 0  1 0 . 2  3 1 . 3
1 2 . 0 0  1 0 . 2  3 1 . 3
2 2 . 0 0  1 0 . 2  3 1 . 3

0 . 0 0  8 . 3  3 1 . 7
6 3 . 0 0  5 . 8  3 1 . 8

0 . 0 0  9 . 4  3 1 . 5
2 9 . 0 0  8 . 8  3 1 . 7
3 9 . 0 0  8 . 8  3 1 . 7

0 . 0 0  8 . 2  3 1 . 9
5 . 0 0  4 . 8  3 2 . 7
0 . 0 0  8 . 4  3 2 . 1

2 0 . 0 0  3 . 9  3 2 . 7
0 . 0 0  8 . 2  3 1 . 9

6 7 . 0 0  3 . 2  3 2 . 2
0 . 0 0  9 . 1  3 1 . 9

6 9 . 0 0  3 . 4  3 2 . 2
0 . 0 0  8 . 1  3 2 . 2

61.00 4.0 3 2 . 4
71.00 3 . 8  3 2 . 4

0 . 0 0  8 . 3  3 2 . 8
3 0 . 0 0  4 . 1 3 3 . 1

0 . 0 0  8 . 3  3 2 . 3
3 2 . 0 0  3 . 8  3 3 . 0

0 . 0 0  8 . 3  3 2 . 1
2 0 . 0 0  4 . 3  3 2 . 7

0 . 0 0  7 . 2  31.8
6 3 . 0 0  3 . 2  3 1 . 9

NASTE S T A  NA23 MID W A T E R
NASTE STA NA28  WATER
NASTE S T A  N A 2 8  M I D  W A T E R
NASTE STA NA28  BOTTOM WATER
NASTE STA NA33  WATER
N A S T E  S T A  N A 3 3  M I D  W A T E R
NASTE STA NA33 B O T T O M  W A T E R
NASTE STA NA40  WATER
N A S T E  S T A  NA40 M I D  W A T E R
NASTE STA NA34B W A T E R
NASTE STA NA34B MID W A T E R
N A S T E  S T A  NA41 W A T E R
NASTE S T A  NA41 MID W A T E R
NASTE STA NA46 W A T E R
N A S T E  S T A  N A 4 6  M I D  W A T E R
N A S T E  STA NA46 B O T T O M  14ATER
NASTE STA NA52  WATER
NASTE S T A  N A 5 2  M I D - W A T E R
N A S T E  S T A  N A 5 2  B O T T O M  14ATER
NASTE S T A  N A 4 7  W A T E R
NASTE STA NA47 MID W A T E R
NASTE S T A  NA58A WATER
NASTE STA NA58A MID W A T E R
NASTE STA NA58A B O T T O M  W A T E R
NASTE S T A  SG 7  blATER
NASTE STA SG 7 MID W A T E R
N A S T E  S T A  S G  5  W A T E R
NASTE S T A  SG 5 MID W A T E R
N A S T E  S T A  SG 4  W A T E R
NASTE STA SG 4 MID W A T E R
N A S T E  S T A  SG 2  W A T E R
NASTE STA SG 2 MID WATER
N A S T E  S T A  SG 1  W A T E R
NASTE S T A  SG 1  M I D  W A T E R
N A S T E  S T A  SG 1  B O T T O M  W A T E R
N A S T E  S T A  U P  3  W A T E R
NASTE S T A  U P  3  M I D  W A T E R
N A S T E  S T A  P L  4  W A T E R
NASTE STA PL 4 MID WATER
N A S T E  S T A  P L  8  W A T E R
N A S T E  S T A  P L  8  M I D  W A T E R
N A S T E  S T A  P L 1 4  W A T E R
N A S T E  S T A  P L 1 4  MID W A T E R



choice of marine agar 2216 as the primary medium for enumeration of viable

microorganisms followed testing of several different media that have been

recommended for enumeration of marine and estuarine bacteria; marine agar 2216

gave the highest counts of all media tested in these trials. ) All materials

were cooled to 5°C before plating. For each sample, one set of replicate

plates was incubated at 4°C for 3 weeks and another at 20”C for 2 weeks.

Colonies were counted with the aid of a stereomicroscope (30x). The mean count

from triplicate plates was recorded for each dilution and temperature.

Most Probable Number of Hydrocarbon Utilizers

To determine the Most Probable Number (MPN) of hydrocarbon utilizing

microorganisms, dilutioris of samples were added to 60 ml stoppered serum vials

containing 10 ml of Bushnell Haas broth (magnesium sulfate, 0.2 g; calcium

chloride, 0.02 g; monobasic potassium phosphate, 1.0 g; dibasic pottasium

phosphate, 1.0 g; ammonium nitrate, 1.0 g; ferric chloride, 0.05 g; distilled

water 1 litre, pH 7.0), and crude or refined oil spiked with

14 C-radiolabelled  hydrocarbon. For these marine studies, 3 percent sodium

chloride was added, and the pH was adjusted to 7.5. In some cases 1-10 ml

volumes rather than dilutions are used. Poisoned controls were prepared by

adding 0.2 ml of concentrated hydrochloric acid to the vials. In the Bering

and Beaufort  Seas Prudhoe Bay crude oilwas used; in the Gulf of Alaska and Cook

Inlet, Cook Inlet crude oil was used. Typically, we used 50 pl of oil per

~,ial, spiked with 14C-~-hexadecane  (specific activity, 0.4 pCi/ml). A 3-tube

MPN procedure was used. After incubation, the solutions were acidified with

0.2 ml of concentrated hydrochloric acid and the radiolabelled carbon dioxide

(14C02) produced was recovered. Incubation for 3 weeks at 5°C was used.

14C02 was recovered by purging the vials with air and trapping the
lo
C02 in 10 ml of Oxifluor - C02 (New England Nuclear). Counting was
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done with a Beckman LS-1OO

than or equal to two times

than two times the control

liquid scintillation counter. Counts of greater

the control were considered positive; counts of less

were considered negative. The MF’N of

hydrocarbon-degrading microorganisms was determined from the appropriate MPN

tables and recorded as the number per FII for water samples or the number per

gram of dry weight for sediment samples. The use of two times background for

establishing positive tubes was chosen to eliminate false positive tubes, which

could result from hdyrocarbon carry-over in the air stream or from impurities

in the labelling  material. The two times background cutoff was chosen to

insure statistical accuracy. In general, the background counts in our studies

were less than 100 counts per minute (CPM). With the activities and

concentrations of 14C-hydrocarbons that we used, this means that positive

tubes represent a conversion of greater than 0.2 percent of substrate to

14C02. This conversion is twice the maximal theoretical impurity of 0.1

percent that chemical reanalysis of the 14C-hydrocarbon  ass~res. Positive

tubes almost always yielded counts many times higher than our cutoff limit, but

as with all MPN techniques, results are based on the proportions of positive

and negative tubes rather than on actual activity levels.

TAXONOMY OF INDIGENOUS MICROBIAL POPULATIONS

Bacterial isolation

Heterotrophic  bacteria

Colonies from countable

microorganisms were numbered

bacterial colonies from each

marine agar plates used for

sequentially. Using random

enumeration of viable

number tables, 30-60

sample generally were selected for isolation.

After subculturing  twice on marine agar to ensure purity and viability, about

25 strains from each sample were randomly selected for numerical taxonomic

testing. These strains were maintained on marine agar slants at 4°C and
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subculture monthly. Some strains lost viability during testing (less than 8%

from any source) and were discarded. Eleven reference strains were included in

this study: Vibrio fisheri ATCC 15381, Psuedomonas coenobios ATCC 14402,

Flavobacterium halmephilum ATCC 19717, Flavobacterium marinotypicum ATCC 19260,

Alcaligenes  pacificus ATCC 27122, Pseudomonas doudoroffi ATCC 27123,

Pseudomonas marina ATCC 27129, Pseudomonas nautica ATCC 27132, Arthrobacter

citreus ATCC 11624, Beneckea campbelli ATCC 25920 and Vibrio alginolyticus

17749. In all over 10,000 strains from various Alaskan OCS regions were

isolated and examined in these studies.

Low-nutrient bacteria

In addition to taxonomic studies of heterotrophic bacteria capable of

ATCC

growth on marine agar (copiotrophs),  isolates were selected from Cook Inlet

samples grown on low nutrient media (oligotrophs). Oligotrqhs have been

postulated to play an important role in low nutrient aquatic ecosystems.

studies comparing oligotrophic with copiotrophic bacteria, samples were

collected in Cook Inlet Alaska, during November, 1977 at four sampling

FGr

locations. Replicates were plated onto marine agar 2216 (Difco) [medium MA],

marine agar 2216 + l!; (v/v) Cook Inlet crude oil [medium MO], Bushnell Haas

Agar (Difco)  [medium BA] and Bushnell Haes Agar + 1% (v/v) Prudhoe Bay crude

oil [medium BOj. Marine agar contains 0.5% peptone and 0.01% yeast extract.

Bushnell Haas agar contains mineral nutrients but no added organic carbon; some

bacteria can grow, however, on the trace organic contaminants in the medium. A

similar method of isolating low nutrient bacteria has been used by Moaledi

(1978). Oil was added to the media using the procedure of Atlas and Bartha

(1973) in which a solidified medium is prepared containing a stable oil

emulsion. All materials in our study were cooled to 5°C before plating to
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maintain the viability of psychrophilic populations. Platings were performed

triplicate and incubation was at 5°C for 4 weeks.

Using random number tables , approximately 10-50 bacterial colonies were

selected for isolation from each of the media for every sample, i.e., 65-135

isolates per sample. These isolates were representative of the major

in

populations of bacteria capable of growth on the various media since they were

obtained from countable plates of greatest dilution. The selected organisms

were subculture to ensure purity and viability. A total of 581 isolates were

included in the study [163 from medium MA; 138 from medium MO; 120 from medium

BA; and 160 from medium BO].

Characterization of Isolates

Approximately 300 phenotypic  characteristics were determined for each

strain. Unless otherwise indicated, tests on the 4°C and 20”C isolates were

incubated at 4°C and 20”C, respectively,

Morphology

Cultures (1 to 4 d depending on growth rate) from marine agar slants overlaid

with 1 ml Rila marine salts solution were examined for: cell shape, size and

motility (wet mounts); spores, refractive granules of poly-$-hydroxybutyrate

(Stanier  et al., 1966) and capsules (India ink stain) (phase contrast

microscopy); Gram reaction (Hucker modification), acid fastness (Ziehl-Neelsen

method) and fat droplets (Burden method) (Society of American Bacteriologists,

1957). Cultures (10 d) grown on marine agar were examined for colony

morphology and size, and for production of diffusible and non-diffusible

pigments. Fluorescent pigment formation on marine agar containing 0.15% (w/v)

glycerol was assessed daily with ultraviolet light (A260 rim). Following 10 to

15 min adaptation of the observer to the dark, bioluminescence was tested in

the dark daily for 10 d [cultures grown on: Bacto-tryptone, 0,5%; Bacto-yeast
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extract, 0.3%; Na2HP04$ 0.35%; NH4N03, 0.15%; glycerol, 3.0%; a9ar,

1.5% (all w/v); in 3/4-strength Rila marine salts solution, pH7.6].

Physiological and biochemical tests

Tests were read after 14 d incubation unless stated otherwise. Growth on

replicate marine agar plates was tested at 5, 10, 15, 20, 25, 37 and 43°C, and

at initial pH 3, 4, 5, 6, 7, 8, 9 and 10 (adjusted with HC1 or NaOH). Salt

tolerance and requirement were tested in the following medium without NaCl and

with 0.5, 3, 5, 7.5, 10 and 15% (w/v) NaCl added: Bacto-tryptone,  0.5%;

Bacto-yeast extract, 0.1%; FeC13”6H20, 0.01%; NH4N03, 0.00016%;

Na2HP04, 0.0008%; Bacto-agar, 1.5% (all w/v); pH8.O. Oxygen relations

were determined from stab cultures in marine agar butts.

Distribution of growth, indole production (Kovacs

American Bacteriologists, 1957) and ammonia production

determined from 10 d cultures in a medium containing:

Bactc)-yeast  estra:t, 0.05%; Tris, 0.6?;; KH2P04, 0.01%;

method; Society of

(Nessler’s  reagent) were

Bacto-tryptone, 0.3%;

‘ec13”6}~20’

0.0005;~  (all w/v); thiamin, sodium pantothenate, riboflavin, nicotinic acid,
.

choline, pyridoxamine and cyanocobalamin, all 1 pg 1 ‘L; folic acid, sodium

~-aminobenzoate  and biotin, a?l 0.05 pg 1-1.

Cultures (10 d) on marine agar were tested for catalase  (with 3% H202)

and cytochrome oxidase production (Gaby and Hadley method, allowing 1 min for

the blue colour to develop; Skerman, 1969). Methyl red and Vogest-Proskauer

tests (Society of American Bacteriologists, 1957) were done in MR-VP broth

(Difco) prepared with full-strength Rila marine salts solution. Alkaline

phosphatase was detected (Barber and Kuper, 1951) in cultures (10 d) grown in a

medium containing: Bacto-tryptone, 0.5%; Bacto-yeast extract, 0.1%;

‘iH4N03’ 0.00016%; FeC13*6H20,  0.0005%; phenolphthalein diphosphate,

0.001% (all w/v); in 3/4-strength Rila marine salts solution, pH 7.2.
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Arginine, ornithine and lysine decarboxylases were dtected by the Falkow method

(Skerman, 1969), modified by replacing distilled water with Rila marine salts

solution. These tests measure alkaline end-products and do not distinguish

between arginine decarboxylase and arginine dihydrolase.

Nitrate and nitrite reduction were tested in nitrate broth (Difco) with

full-strength Rila marine salts solution. Nitrite was detected with

naphthylamine-sul phanil ic acid reagent and residual nitrate with zinc dust

(Skerman, 1969).

Acid production from D-ribose, D-fructose, cellobiose,  lactose, sucrose or

D-mannitol (all 1%, w/v) was detected in MOF medium (Difco).

Oxidation/fermentation tests were done in MOF medium containing 1% (w/v)

D-glucose (Leifson, 1963). Gas production from glucose was detected with

inverted Durham tubes in the liquid medium used for determining growth

distribution, supplemented with l% (w/v) D-glucose. Substrates were

filter-sterilized,

Agar hydrolysis was tested on marine agar; sunken colonies and depressions

around colonies were scored as positive. Lipase activity was tested in marine

agar containing 0.01% (w/v) CaC12 and 1% (w/v) Tween 20 or Tween 80 (Sierra,

1957). Starch was tested by flooding plate cultures (7 d) on marine agar

containing 0.5% (w/v) potato starch with Lugol’s iodine. Gelatin hydrolysis

was tested by flooding cultures (7 to 10 d) on marine agar containing 10% (w/v)

gelatin with acid HgC12 (Skerman, 1969). Casein hydrolysis was tested on

marine agar overlaid with a double layer of 10% (w/v) skim milk agar. For the

last three tests, clear zones around colonies were recorded as positive.

Antibiotic sensitivity tests

Antibiotic sensitivity was tested by spreading bacterial suspensions on

marine agar plates and applying BBL antibiotic discs (ampicillin, 2 pg;
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col istin, 10 pg; erythromycine, 15 pg; kanamvcin,  30 pg; neomycine, 30 pg;

nitrofurantoin, 300 pg; novobiocin, 5 pg; oxytetracycline,  5 pg; penicillin G,

2 units; polymyxin  B, 300 units; streptomycin, 2 pg; tetracycline, 5 pg).

Zones of inhibition were measured and sensitivity was determined against

standard inhibition zones (BBL).

Nutritional tests

Basal medium B used in testing for substrate utilization was prepared as

follows. Portion 1: KH2P04, 0.1 g; Ths, 6.0 g; NH4N03, 1.0 g;

FeC13”6H20, 0.005 g; Rila marine salts solution, 500ml; pH adjusted with

HC1 to 8.0. Portion 2: purified agar (Difco),  10 g; distilled water, 500 ml.

Portion 3: thiamin, sodium pantothenate, riboflavin, nicotinic  acid, choline,

pyridoxamine and cyanocobalamin, all 1 pg; folic acid, sodium ~-arninobenzoate

and biotin, all 0.05 pg; distilled water, 2 ml. Portions 1 and 2 were

autoclave separately. Portion 3 was filter-sterilized. The three portions

were mixed at 55°C. Substrates were sterilized by autoclaving  or filtration

(Stanieret a?., 1966), except for hydrocarbons which were sterilized——

ultrasonically. Substrates were

pouring to give final concentrate<

(0.15%, w/v) and phenol (0.0125%

mixed with the basal medium just before

ons of 0.1% (w/v), except for carbohydrates

w/v). A total of 100 substrates was tested.

To determine growth factor requirements, two additional basal media were used.

Basal medium A was basal medium Bwithout vitamins (portion 3). Basal mediumE

was basal medium B supplemented with 50 mg Bacto-yeast extract, 50 mg Casamino

acids and 10 mg L-tryptophan. Twelve substrates (D-ribose, D-fructose,

D-glucose, acetate, fumarate, DL-~-hydroxybutyrate,  DL-lactate, pyruvate,

2-ketoglutarate, D-gluconate,  glycerol) were used to test the ability of

strains to grow on the basal media, Four classes of growth factor requirements

were tested: type 1, bacteria able to grow on all basal media (do not require



growth factors); type 2, bacteia able to grow on basal media B and E but not A

(require vitamins as growth factors); type 3, bacteria able to grow on basal

medium E but not A or B“ (require complex growth factors such as amino acids);

type 4, bacteria unable to grow on

growth factors).

Plates were inoculated with a

1977a). Growth with any substrate

any basal medium (require complex unknown

multiple syringe inoculator (Kaneko et al.,——

was considered positive if within 14 d it

exceeded (visually) that on the same basal medium alone.

Data processing and analysis

Data were coded in binary form according to RKC format (Rogosa et al.,——

1971), punched cards, and verified and proof-read by two people. Errors were

also checked by computer with the CREATE program (Krichevsky, 1977). Test

reproducibility was checked by periodically retesting selected strains. The

estimated total error rate was less than 3%, which would not significantly

affect the cluster analyses. The QUERY computer program (Krichevsky, 1977) was

used to arrange the data for input to the numerical taxonomy program GTP2

(supplied by R.R. Colwell ) or the numerical taxonomy program TAXON. Editing

removed strains lacking more than 35% data, and non-differentiating features

with more than 99% positive, 99% negative or 90% missing results (MTRXED

program; Walczak and Krichevsky, 1977). Similarities were estimated with the

Jaccard coefficient (SJt) and cluster analyses were done by single linkage

sorting and/or by average linkage sorting (Sokal and Sneath, 1963). Clusters

of strains with similarities greater than 75% were designated as taxonomic

groupings (Liston et al., 1963). The input data were sorted into the same.—

order as strains in the cluster analysis triangle. The feature frequencies

all characteristics were determined with the feature analysis program FREAK

of

the(I!alczak  et al., 1978). Probabilistic identifications were attempted using
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program IDDNEW and three identification matrices currently being developed at

the American Type Culture Collection (Johnson, 1979).

Development of Probabilistic Identification Matrices

Based on the numerical taxonomic analyses of nine data sets, which

included data on 4200 strains, groups of four or more strains with a minimal

similarity level of 70% using the Jaccard similarity coefficient and single

linkage clustering were selected for this study. A total of 1206 strains

(representing 108 clusters) were selected. Individual data sets were combined

and the data edited to exclude features greater than or equal to 90% positive,

90% negative, or 50% unknown

low discrimininating  power.

the Jaccard coefficient (SJ)

for the entire set, thereby eliminating tests with

A series of cluster analyses were performed using

and unweighed average linkage to assess the

integrity of the original clusters. Five overlapping analyses (600 strains

each) were performed to include the entire data set. The criterion for

inclusion of strain clusters was relaxed to 602 similarity because of the

substitution of average linkage for single linkage clustering. Clusters

observed to have lost members, such that the number of strains in the new

cluster was less than four, were eliminated from the study; original clusters

incorporating new members were redefined to include the latter strains.

Of the 1206 strains originally selected from clusters defined in the

original studies, 1119 clustered in the same manner when the data from multip’le

sets were combined and unweighed average linkage was employed. Strains lost

from individual clusters, 87 in all, either appeared as outliers linked to

members of the same original cluster at levels less than 60% overall

similarity, or clustered above the 60% criterion in groups of 3 strains or

less. No instances were observed in which an original cluster established

using SJ and single linkage clustering algorithm gained member strains of
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other clusters initially defined within the same primary study. Based on the

results of unweighed average linkage, 1119 strains in 86 clusters were chosen

for use in the development of identification matrices.

Character editing and selection

Of the original 320 tests used to characterize bacterial isolates for

taxonomic studies, those which were highly reproducible, i.e., ones easy to

prepare, to carry out, and to read; those which were most objective; and those

that tested for as many different enzymes and biochemical pathways as possible

were retained for matrix construction. Features subject to excessive

investigator bias and tests requiring extensive time to perform, i.e., those

that are unreasonable to include for routine identification, were eliminated

from the set of eligible group descriptors for development of probabilistic

identification matrices. Additionally, specific descriptors of colony

pigmentation were reduced to a single test describing whether colonies were

pimented or non-pigmented. In this manner 92 tests were eliminated leaving 228

features in the data set, primarily metabolic and physiological features, for

potential use as taxa discriminators.

Construction of identification matrices

To develop determinative schema, all 86 clusters were examined for salt

requirement, growth at 25”C, and the lack of pigment production (i.e., grey

colonies). Six separate sub-matrices were developed to accomplish the

probabilistic identification of each of the original &6 clusters. Additionally

an inclusive matrix contianing  all 86 clusters was developed for comparison.

The contents of each sub-matrix were determined by the set of clusters

contained in the respective group of the super-matrix and the adequate number

of features required to completely separate each cluster pair within the same

group. Features were selected based on their discriminatory power using the



CORR program (Walczak and Krichevsky,  1982) to determine the minimal number of

features required to completely separate each possible group pair within its

respective subset. The CORR program ranks tests in order of decreasing

separation value. Correlation and redundancy measures of all appropriate

features were calculatedfor  the group combinations contained within each

sub-matrix. Features were chosen individually by decreasing rank of group

partitioning power such that each group pair combination was separated by at

least two tests differing at a minimum of 60% difference in positivefeature

frequency.

Evaluation technique

The super-matrix, 6 sub-matrices, and the inclusive matrix were

incorporated into the identification program IDDNEW (Johnson, 1979). For

evaluation of the probability matrices developed in this study, data on the

1119 Alaskan marine strains were used. The threshold identification level set

by the IDD Program is 0.999, i.e., for a strain to be identified as a member of

a taxon, its identification score must be one thousand times greater than the

next most probable taxon. However, for assignment to a sub-matrix, no

threshold identification level was set, and the most probable sub-matrix was

chosen for each test strain regardless of the probabilities for less likely

sub-matrices. The output was examined for each strain such that the number of

correct versus incorrect sub-matrix assignments was determined. The final

group assignments were determined regardless of whether or not the super-matrix

correctly essigned the respective strain to the given sub-matrix. Strains

having insufficient data (additional tests suggested when analysed using the

super-matrix) were not submitted to sub-matrices as no error rate could be

calculated for these strains. The output from the sub-matrices was evaluated

for the percent of strains that were properly assigned to the given sub-matrix
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which identified with its group of origin. All correct strain-group

identifications for which no additional tests were suggested were classed in

terms of the actual identification score, i.e., within each matrix the

identification scores of correct strain-group identifications were tabulated.

In addition to the identification score for evaluation of matrix efficiency,

the ratio of the observed likelihood to the best possible likelihood was

calculated. This R score value has been described by Wayne, et al. (1980), for

the evaluation of probabilistic matrices developed for identification of

myccbacteria.

The determination of the efficiency of a matrix for proper identification

involved the analysis of the distribution of strains according to the criteria

of whether or not they exhibited ID and R scores above or below either or both

thresholds of ID = 0.990 and R = 0.01, and ID =0.970 and R = 0.001. The

super-matrix was evaluated in terms of the percent correct sub-matrix

assignment of test strains, regardless of identification scores. Sub-matrices

were evaluated for the percent identified in the correct group, regardless of

ID scores, and for the percent of correct strain-group identifications below or

above either or both criteria sets; i.e., ID = 0.90 and R = 0.01, and ID =

0.970 and R = 0.001. Strains having the wrong group identification were

examined for identification at these thresholds as well. Positive

identification of any strain required that both ID and R scores were both above

and equal to the given criteria.

Error rates were calculated for each super-sub-matrix combination (6 in

all) and an overall error rate for all matrices as follows:

(( X + Y + 2)/ Q+ R)*1OO = % ERROR

where

x = total number of stra’ins assigned to the correct
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group of origin for ~hich ID and R scores were

below threshold levels.

Y = total number of strains assigned to the correct

sub-matrix but which identified as being members

of the wrong group of origin above

identification threshold levels.

Z = total number of strains assigned to the wrong

sub-matrix identifying above identification

thresholds.

Q = valid number of strains submitted to the correct

sub-matrix.

R = valid number of strains submitted to the

incorrect sub-matrix.

Microbial populations associated with edible crabs - potential human pathogens

Studies were conducted to determine whether potential human pathogens were

associated with edible Alaskan crabs occurring in potential OCS areas. For

this purpose Dungeness,  Tanner and King crabs were collected near Kodiak Island

and in the Southern Bering Sea by the Alaska Department of Fish and Game and by

commercial fishermen. Samples of muscle and gill tissue were prepared

according to the procedure recommended by the American Public Heath Association

(American Public Health Association, 1962). An equal weight by volume mixture

of the sample and sterile (1/2 strength) Rila marine salts, pH 8.4 was

homogenized in a glass homogenizer for one minute. One-ml of the mixture of

each tissue (Hemolymph, muscle and gill) was added to screw capped Falcon tube

containing nine-ml Rila marine salts, pH = 8.4. The mixture of each sample

with Rila was serially diluted and plated in replicate of three sets of mec!ia:

marine agar (MA) trypticase soy agar (TSA) TCBS agar, and Salmonella, Shigella
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agar (SS). The plates were incubated for 10 days at 5“C. Anaerobic bacteria

were isolated by inoculation into thioglycolate broth and also marine agar

plates and incubating at room temperature for 7 days using the BBL Gas Pak

System. For taxonomic  studies 500 isolates, selected at random from muscle and

gill tissues, were tested using the API 20E identification system. This system

is primarily designed for identification of Gram negative enteric bacteia such

as those associated with domestic sewage and those which establish human

infections via the gastrointestinal system.

In addition to the examination of field samples for possible contamination

with bacteria that are human pathogens, a microcosm study was conducted in

which crebs were p?aceci into holding tanks and bacteria were added to the

water. These microcosm experiments were designed to determine which if any

bacterial indicator strains and pathogens survive in seawater and which if any

become associated with crab tissues. The microcosm study was conducted using

20 gallon tanks. Dolomite Sand was used as an artificial sediment; the

sediment layer in each tank was 8 to 10cm. The tanks were filled with Rila

marine salts and kept at 5DC. The tanks were continuously aerated and water

was recirculated in each tank through a glasswool and activated charcoal

filter”. Two crabs were placed into each tank. During the 25 day experiment,

oxygen concentration, pH, and temperature were monitored daily. The range of

these parameters were: oxygen = 8.5-9.0 PPM, pH = 7.5-8, temp. = 5.5-6”C.

Different species of bacteria ~ Klebsiella pneumonia) (ATCC 13883).

Pseudomonas fluorescent sp. Vibrio parahaemolyticus sp. Beneckea harvii (ATCC

14126) ~. coli (ATCC 25922) Brevibacterium  sp. and Bacillus sp., were added to

the tanks to yield a final concentration of200/ml. The tanks were sampled

every 48 hours for determination of viable counts of each bacterial type. On
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alternate days the

artifactual dieoff

Crabs exposed

tanks were reinoculated with fresh inoculum to preclude

of the bacteria and/or removal by the filtration system.

i n  t h e s e  e x p e r i m e n t a l  t a n k s  w e r e  e x a m i n e d  u s i n g  s c a n n i n g

electron microscopy and viable bacteria were isolated and characterized

taxonomically. A total of 216 bacteria were selected from enumeration plates

for NT examination. Approximately 100 phenotypic characteristics were

determined for each isolate. Phenotypic characteristics examined included

morphological examination of both cells and colonies, physiological growth

ranges including tolerance to temperature, salt, and pH; biochemical tests

included determination of a variety of enzymatic activities; and nutritional

characteristics included the ability to utilize a variety of biochemically

diverse substrates. Data were coded and processed for computer analysis. Data

were also subjected to cluster analysis to determine taxonomic groupings

(phenotypic clusters) using the Jaccard coefficient (Sj) and unweighed

average linkage clustering. The feature frequencies for characteristics were

determined for each cluster.

For SEM studies, the tissues (muscle, gill and shell) were prepared and

fixed by a double fixation method, glutaraldehyde followed by osmium tetroxide

fixation, so that the tissues were exposed to primary fixative (phosphate

buffered glutaraldehyde fixative O.lm, pH - 7.2} for 24 hours. The fixative

was changed 4-5 times during this period. Tissues were exposed to the second-

ary fixative, osmium

with distilled water

shaker overnight, to

tetroxide for 1 hour. The tissues were rinsed 4-5 times

and incubated in 100 ml of distilled water on a rotary

eliminate excess fixative. The water was then removed

from the tissues by gradually increasing the concentration of acetone to 20,

30, 50 and 99.5% and, finally, by placing the samples in a dessicator  under an

atmosphere of 100% acetone overnight. Specimens in 100% acetone were replaced
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with liquid C02 (transitional fluid) and then ched by the critical point

drying method, using a Polaron Critical Point dryer. Specimens were mounted on

aluminum slabs and surface counted with = 60A0 gold under the partial pressure

of argon gas, using a Polaron Sputter D.C. Coater. The specimens were then

viewed using an 1s1-40 scanning electron microscope.

DIVERSITY OF MICROBIAL COMMUNITIES

Physiological Tolerance Indices

Indices were developed to describe the capacity of the bacterial community

to tolerate (maintain ability to grow) deviations from ambient conditions of

temperature, salinity, and ptt. Ambient conditions were considered as 5“C, 3%

NaCl, and ptl 8, which approximate both environmental and isolation conditions.

Feature frequencies for the ability to grow at 10, 15, 20, 25, and 37”C; 0,

0.5, 5, 7.5, and 10% NaCl; and pH 5, 6, 7, 9, and 10 were used for calculating

physiological tolerance indices. The physiological tolerance index for

temperature (PT) was calculated according to the formula:

‘lo + ’15‘T = ‘G20+G25 ‘G3 7

5

where Gx = the proportion of the populations (represented by the isolates)

within the community which are capable of growth at temperature x. According

to this calculation, a community composed entirely of true psychrophiles

(organisms that cannot grow at 20°C or above, Morita, 1975) would have a PT

of ~o.4. Similarly, a community in which all member populations could grow

over the entire range of temperature from O to 37°C would have a PT of 1.

The physiological tolerance index for salinity (PS) was calculated as:

‘s
= ‘O + G0 . 5+ G5 + G7 . 5+ ‘ l o

5



where Gx = the proportion of the populations within the community capable of

growth at NaCl concentration of x percent. A “true marine bacterium” cannot

have a ?~ = 1 since by”definition marine bacteria require NaCl and cannot

grow at 0% NaCl (ZoBell, 1961, 1963).

The physiological

‘ii

where Gx = the proport

growth at pH value x.

tolerance index for pH (PH) was calculated as:

= G 5 + G6 + G7 + G9 + G1 0

5

on of the populations within the community capable of

Nutritional Utilization Indices

Indices were calculated to assess the nutritional versatility of bacterial

communities. Separate indices were calculated for carbohydrates (Nc),

alcohols (Na), carboxylic acids (Nca), amino acids (Naa), and

hydrocarbons (Nh). Each nutritional utilization index was calculated by

sul}mino the number of substrates that could be utilized by any member

population and dividing by the total number of substrates within that class. A

combined nutritional utilization index (NT) was calculated for all substrates

regardless of compositional class. The substrates employed in determining

these indices were carbohydrates - arabinose, ribose, xylose, rhamnose,

fructose, galactose, glucose, mannose, sorbose, salicin, cellobiose, lactose,

maltose, sucrose, trehalose, raffinose;  alcohols - l-butanol, ethanol,

l-propanol, 2-propanol, 1, 2-propanediol,  glycerol, arabitol, dulcitol,

mannitol, sorbitol, ~-inositol, phenol, phenylethanol;  carboxylic acids -

acetic, butyric, caproic, caprylic, lauric, propionic, valeric, glutaric,

malonic, succinic, oleic, fumaric, itaconic, glyceric, ~-hydroxybutyric,

lactic, tartaric, citric, 2-ketogluconic,  pyruvic, a-ketoglutaric, benzoic,

m-hydroxybenzoic,  ~-hydroxybenzoic,  o-hydroxybenzoic, ascorbic, galacturonic,
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gluconic, stearic; amino acids - alanine, Y-amiilo butyric, arginine~

asparagine, aspartate, cystine, cysteine, glycine, leucine, isoleucine, Iysine,

methionine, ornithine, phenylalanine, proline, serine, threonine~ tryptophan,

tyrosine, valine; hydrocarbons - fl-hexadecane,  g-pentadecane,

2-methylnaphthalene, l-methylnaphthalene, phenyldecane,  pristane,

pentadecylcyclohexane.

A total of 16 carbohydrates, 13 alcohols, 29 carboxylic  acids, 20 amino

acids and 7 hydrocarbons (= 85 total substrates) were employed. An Nx = 1,

for any substrate class x, indicates that all substrates included in that class

can be utilized by some member population(s) of the bacterial community. An

Nx near O indicates a lack of versatility of substrate utilization by the

sampled (dominant) bacterial populations of the community. It should be noted

that Nx is sensitive to rare populations not selected by the plating and

isolation procedures employed in this study.

Taxonomic Diversity

The number of taxonomic groups and the number of individuals within each

group, determined by the cluster analyses, were used to calculate the Shannon

diversity index, H’ (Pielou,  1966; Shannon, 1948; Shannon and Weaver, 1949).

The formula H’ = C/N(N logloN - Xnilogloni) was used, where C =

3.3218, N = total numbers of individuals, and ni = total numbers of

individuals in the ith taxonomic  grouping (Lloyd et al., 1968). An H’ value

near O represents a community with low diversity; H’ values near 4 represent

rather high diversity.” Equitability (J’) was calculated

formula J’ = H’/HMax where Hmax = the maximal value of H

sample size (Pielou,  1966, 1975); it assumes that each c“

membered representing taxonomically distinct populations

according to the

for a given

uster can be single

i.e., Hmax = C
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Ioglo N. A J’ value of 1 shows an even distribution; when J’ is near O there

is an uneven distribution of individuals within the taxa of the community.

Effects of oil on bacterial communities associated with Arctic amphipods

Populations of the amphipod Boeckosimus (= Onisimus) affinis were

collected in Elson Lagoon, 50 m south of Plover Point near Pt. Barrow, Alaska.

Amphipods were captured in wire mesh traps, baited with fish, which were

suspended in the water column, beneath the ice. Anima’

were between 11 and 16 mm in length.

Scanning electron microcopy was employed to view

s used in this study

the locations of

microbial populations associated with Arctic amphipods. Amphipod specimens

were placed in buffered formalin at the time of collection. Individual

specimens were transferred to 2% glutaraldehyde in 0.1 N phosphate buffer for

12 hours. The specimens were dehydrated with acetone, the acetone was replaced

with liquid C02 and the specimens were critical point dried using a Polaron

apparatus. Following dying the digestive tract was dissected from some of the

specimens. Digestive tract segments (including longitudinal and cross

sections) and whole amphipods were mounted on aluminum stubs using silver

paint. The specimens were coated with gold with a Polaron sputter coater and

were observed with an 1S1-40 scanning electron microscope.

Besides electron microscopic observations, serial dilutions of the

homogenate were plated on marine agar 2216 (Difco) and TCBS agar (Difco).

Following 21 days incubation at 5°C the number of colony forming ut?its (CFU)

were determined with the aid of a 30x stereo microscope. Approximately 25

colonies from countable marine agar plates were selected at random for

numerical taxonomic testing. The bacterial strains were restreaked twice on

marine agar to insure purity. One hundred thirty bacterial strains were

included in this study. The selected strains were then subjected to extensive
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characterization to determine over 300 features each. The procedures used in

characterizing the bacterial strains have been previously described

(Kanekoet at. 1979)..—

Cluster analyses were performed to determine the similarity levels of the

bacterial strains. The Jaccard Coefficient (SJ) and single linkage

clustering algorithm were employed in this study. The GTP-2 computer program

(courtesy R. R. Colwell) was used. Phena were defined with similarity levels

(S-level) greater than 75%. Feature frequencies were calculated for each

phenon. The distribution of strains within phena was used to calculate

diversity. The procedure used in calculating bacterial diversity has been

previously described (Kaneko et al. 1977). Indices were calculated to describe——

the capacity of the bacterial community to tolerate deviations from ambient

conditons of temperature, salinity and pH. Ambient conditions were considered

as 5°C, 3% NaCl and pH 8, which were the isolation conditions. Indices also

were calculated to assess the nutritional versatility of bacterial communities.

For animal exposure to petroleum hydrocarbons, seawater containing soluble

oil components was prepared by adding fresh Prudhoe Bay crude oil to give a

concentration

Teflon-coated

stand for 3 h

of 1 mg oil/ml water. The water plus oil was mixed with a

magnet stir bar for 6 h at 5°C. The mixture was allowed to

and water was siphoned from beneath the oil slick; no water was

collected within 5 cm of the slick. Thirty individuals of~. affinis were

added to replicate trays containing 500 ml oil-treated and unoiled (control)

seawater. The animals were incubated at 5°C without feeding. The animals

had been held for 7 days without feeding before starting this experiment to

insure viability of the experimental amphipods.  At 7 and 14 days, 10

individuals each from control and oil-treated trays were removed for viable
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microbial analyses. There was no mortality during the experimental exposure

period.

Actual dissolved or dispersed oil in the water was determined with an

AMINCO Model SPF-125 spectrofluorometer , using the methods described by Keizer

and Gordon (1973) and Gordon et al. (1974). One liter samples were extracted.—

twice with 10 ml of spectrofl uorometric  grade methylene chloride. Extracts

were combined and the methylene chloride was removed under vacuum at 30UC in

a rotary evaporator. The recovered oil was redissolved in hexane. Excitation

‘.~avelength was 405 nm, and emission was read at a wavelength of 450 nm. Scans

throughout the range of oil fluorescence were made to determine the wavelengths

of maximum fluorescence. Oil concentrations were determined from calibration

curves prepared from crude oil. Three replicate determinations were made at

each time. The mean oil concentrations at O, 1, 2, 7 and 14 days were found to

be 3.4, 2.0, 0.7, 0.4 and 0.2 ppm respectively.

Statistical Analyses

Analyses of variance were performed using the SPSS computer programs (Nie

etal., 1975) to determine the levels of statistical significance of—.

differences between grouped data. The Duncan mean comparison test was used to

determine if the means of individual groups were significantly different from

each other, e.g., was there a significant difference between the taxonomic

diversity indices (H’) between water and sediment communities. An a value

<0.05 was considered necessary for establishing a significant difference.

DENITRIFICATION - POTENTIAL ACTIVITIES

Rates of Denitrification

The acetylene blockage of IJ20 reduction method (Balderston et al., 1976;

Sorensen, 1978; Yoshinari et al., 1977; Yoshinari and Knowles, 1979) was used

for measuring denitrification activities. For denitrification assays, 5-ml

279



portions of the sediment slurry were used to inoculate previously sterilized,

replicate 20-ml serum bottles containing either 5 ml of Rila marine salts mix

(40 g/liter) (R), 5 ml of Rila salts plus 0.1% (wt/vol ) proteose peptcne no. 3

(Difco Laboratories, Detroit, Mich.) (RP), 5 ml of Rila salts plus 0.1%

(wt/vol ) KN03 (RN), or 5 ml of Rila salts plus nitrate broth (Difco) (RNB).

After inoculation, all vials were capped with rubber serum stoppers and purged

with argon for 15 min. After purging, 5 ml of the headspace gas was withdrawn

with a syringe and replaced with C2H2 generated from CaC2. The serum

stoppers were then covered with silicone rubber sealant to prevent gas leakage

from needle punctures. All vials were incubated at 5“C. Media R, RP, RN, and

RNB were used to measure denitrification activity in either unamended sediments

or sediments amended with organic carbon and nitrogen, mineral nitrogen, or

organic carbon and nitrogen, mineral nitrogen, respectively. A high

concentration of N03- was used in media RN and RNB to preclude substrate

limitation for measuring potential rates of denitrificaticm. After incubation,

the sediment suspension was at a dilution of 1:2 compared with the original

sediment. All sample and media combinations were performed in triplicate.

After incubation for 48 to 240 h, 0.5 ml of saturated KOH solution was

injected into replicate bottles to stop biological activity. All bottles were

resealed with silicone rubber to prevent leakage from needle punctures and

maintained at 5°C until the headspace gases could be analyzed in the

laboratory.

Analysis of the headspace gases in the sample bottles from the Beaufort

Sea were performed with a Hewlett Packard 5700 gas chromatography equipped with

a Carle thermal conductivity detector (TCD) in series with the flame ionization

detector (FID). The conditions for chromatography were: injector, 100”C;

even, 50°C; TCD, 50”C, 24 mA; FID, 150°C; carrier gas, 22 ml of helium per rein;
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and column (6 m by 0.3 cm) of Parapak Q (Supelco Inc., Bellefonte,  Pa.),

injection size 250 PI. All other samples were analyzed with a Hewlett Packard

5840 gas chromatography with an electron capture detector (ECD) for N20

determinations which provided greater sensitivity. Control experiments also

were analyzed with the ECD. The instrument was equipped with a column (6 m by

0.3 cm) of Porapak Q. The conditions for chromatography were: injector,

100°C; oven, 40°C; and ECD, 300°C. The carrier for the 5840 gas chromatography

was argon-methane (19:1) et a flow rate of 25 ml/min and injection size of 250

pl . The identities of the compounds detected by gas chromatography were

confirmed by comparison of retention times with known compounds and by gas

chromatography-mass spectrometry. The gas chromatograph-mass  spectrometer used

was a Hewlett Packard model 5992A, equipped with a column (6 m by 0.3 cm) of

Porapck Q. The carrier gas was helium at 30 ml/min. The conditions for

chromatography were: injector, 100°C; and oven, 50°C.

The ECD was found to be linear in response across several orders of

magnitude of N G concentrations,2 Experimental results were compared with a

standard curve to obtain concentrations of N20, and the quantity of N20

produced per gram (dry weight) of sediment was calculated. The limit of

sensitivity with the thermal conductivity detector was approximately 40 nmol of

N20 produced per g (dry weight) sediment (s90 pmol of N20/m
2 per h during

48 h of incubation); with the ECD it was possible to detect production of

approximately 51 pmol of N20 per g (dry weight) of sediment (s0.01 pmol of

N20/m
2 per h during 48 h of incubation).

The following controls for this investigation were established. Two

sediment samples from the Beaufort Sea were inoculated into serum bott~es

containing either R, RN, or RNB. Replicates of each of the media were left

active, were sterilized by autoclaving,  or received 0.5 ml of 6 N HC1.



to N20 reduction; N2 in controls was <1% of the quantities of N20

observed. Linear rates of N20 production were found up to, but not in excess

of, 48 h in unamended samples and up to 240 h with added N03-. Thus, the

results from the 2-day unamended incubations can be used to calculate rates for

unamended samples ; the results from the 10-day nitrate-amended experiments can

be used to calculate potential rates of denitrification  for samples with added

N03- .

Effects of oil on denitrifying activity

Surface sediments were collected from Elson Lagoon (4 m in depth) in the

Beaufort Sea near Barrow, Alaska, in January 1978. Portions of the sediment

were immediately mixed with 0.5% (wt/vol)  Prudhoe Bay crude oil, and other

portions were left untreated. Treated and untreated sediments were then placed

separately in Plexiglas trays (25 by 25 by 5 cm) and placed in situ on the.—

bttom of Elson Lagoon. Similar experiments were begun in January 1979 and

January 1980. Sediment samples were recovered from replicate trays after 1

week and 5, 8, 18, 24, and 28 months of incubation.

Oil Biodegradation - Potential Activities

One ml portions of water samples or 1/10 g portions of sediment samples

were inoculated into sterile serum vials containing 10 ml of a mineral salts

medium (l!gS04, 0.2gl ‘l; CaC12, ().0291-1; KH2p04$ lgl-l;

K2tiP04, lg@; NH4N03s lgl-l; FeC13, 0.05gl ‘l; NaCl, 30gl-1)

and 30 pl crude oil. All determinations were performed in triplicate. In

Beaufort sea and Bering Sea studies Prudhoe Bay crude oil was used; in Gulf of

Alaska and Cook Inlet Cook Inlet Crude oil was used. The crude oil was spiked

14 14with radiolabelled hydrocarbons, either ~-1- C hexadecane; 1- C-pristane;

(1, 4, 5, 8- 14C) naphthalene; 9-methyl (U-14C) anthracene; or 12-14C

benz(a)anthracene. The specific activity of each hydrocarbon was adjusted to
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Replicates of each control medium also did not receive C2H20 After 243 48$

120, and 240 h of incubation at 5“C, 0.5 ml of saturated KOH solution was

injected into three replicates each of the active, sterile, or acidified

treatments. The purposes of these controls were to determine the effects of

acetylene on N20 production, to determine the extent of spontaneous

disputation of N03- to nitrous oxide under acidic conditions, to check on

the possible spontaneous N20 production from known sterile sediments, and

combinations of these aims. These controls were also used to examine the

linearity of N20 production over the the incubation periods Up to 240 h.

Portions of the same sediment samples also were incubated in serum bottles

containing 5 ml of Rila salts plus nitrate broth plus 0.1% KN02 (wt/vol).

The purpose of this control was to determine whether nitrite was toxic to

denitrifying bacteria in marine sediments. Sterile bottles were also incubated

with known concentrations of N,O to determine whether leakage of gases

occurred during

various periods

The contro’

IL

storage before analysis. The headspace  gases were analyzed for

of incubation up to 3 weeks.

experiments showed that storage of the vials before analys”s

did not result in significant loss of N20 from the headspace. Repetitive

analysis of vials over an extended period (in excess of storage times of

experimental vials) produced repeatable quantification (recovery) of N20

concentrations. The presence of nitrite at the concentration tested, which was

above the concentration of nitrite originally in the samples, did not inhibit

N20 production; essentially identical amounts of N20 were produced when

incubated with added nitrate in the presence and absence of 0.1% added nitrite.

No significant abiotic N20 production was found. Measurement of pH for

selected active sediment samples showed none with pH values less than 6.5, even

after 10 days incubation with RNB. Acetylene proved to be an effective block
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approximately 10 pCig -1 oil. All hydrocarbons in the oil were considered as

potential substrates for the enzymes produced by the m~xed microbial community

and thus the total concentration of the added oil was used for calculating

specific activities. The vials were incubated for 21 days at 5*C in the dark.

After incubation microbial hydrocarbon degrading activities were stopped by

addition of concentrated KOti. The 14C02 produced was recovered from the

vials and quantitated  by liquid scintillation counting.

In some cases the residual hydrocarbons and biodegradation products were

recovered by solvent extraction with two x 10 ml portions of pentane. The

14 “C in each extract was determined by liquid scintillation counting after

which the mixture was fractionated into degraded and non-degraded and fractions

using silica gel column chromatography. A 0.75 cm diameter x 10 cm column

packed with 70-230 mesh silica gel 60 was used. The undegraded hydrocarbon

fractions were eluted in two 20 ml portions each of pentane and benzene. The

degradation product fractions consisted of the eluate collected in 20 ml

methanol, the residual material left on the column and the C02 (collection

described above). Radiolabelled material in each fraction was quantitated by

liquid scintillation counting and

efficiencies. Further extraction

recover any additional radiolabel-

corrected for recovery and counting

with methylene  chloride routinely failed to

ed material. Sterile controls were used to

correct for efficiency of recovery and fractionation. Triplicate

determinations were made for each sample with radiolabelled hydrocarbons. The

percentage hydrocarbon mineralization was calculated as 14C02 produced

14above sterile control divided by C hydrocarbon added. The percentage

hydrocarbon biodegradation (which includes mineralization) was calculated as

14C02 produced plus
14C methanol fraction plus 14C residual (all above



sterile control) divided by 14C hydrocarbon added. Carbon balances generally

accounted for 90% of the radiolabelled  carbon added to the sediment.

Oil Weathering - Microbial Biodegradation of Petroleum Hydrocarbons

Exposure

Sediment (top 5 cm) was collected by divers from the bottom (6 m) of Elson

Lagoon (near Point Barrow 71@N latitude and 157°W longitude) and immediately

mixed with 5% (v/v) Prudhoe Bay crude oil. The freshly collected sediment and

oil were added to a large stainless steel bucket and stirred with a clean

wGoden paddle until the sediment-oil mixture was a uniform color with no

visible oil slick accumulating on the surface. The level of oiling simulated ‘a

heavy exposure as might result from a pipeline rupture. The sediment-oil

mixture and clean sediment (control) was dispersed into 25 x 25 x 5 cm

plexiglas  trays and replaced on the bottom of Elson Lagoon for incubation. The

experiment was begun during May. After incubation periods ofO, 1/2, 24,48

and 72 h; 7, 14, 21, and 28 d; 3, 4, and 8 months; 1, 1 1/2, and 2 years, trays

were recovered and sampled. The contents of each tray were split into 5

replicate portions of approximately 200 g each, without mixing. The sediment

samples were collected with minimal disturbance to the sediment in order to -

prevent redistribution of the oil. Samples for chemical analyses were frozen

and transported to the laboratory.

In addition to the in situ Beaufort Sea studies, the biodegradation of.—

crude oil in Southern Bering Sea (North Aleutian Shelf) sediments was assessed

a flow through model ecosystem (laboratory microcosm). Sediments were

collected during August - September, 1980 in the southern Bering Sea. Three

different types of sediments from three locations on the north Aleutian Shelf

were chosen for this experiment including one sand and gravelly sediment

(161@12’W, 56”1O’N), one silty sediment (165”1O’W, 55”40’N),  and one fine sand



sediment (164”25’W, 54°05’N). Two hundred g of e~ch sediment and 2 ml of

sterile Cook Inlet crude oil were added to 2 liter stainless steel container.

Sterilized 200 g portions of each sediment also were added as controls. The

vessels containing sediments were attached to a manifold that provided a

constant flow of nutrient solution. The nutrient solution was sterile Rila

marine salts plus 0.05% (w/v) KN03 and KH2F?04. Fresh sterile nutrient

solution was passed through the incubation vessels continuously. At weekly

intervals, up to 6 weeks, sediments remaining hydrocarbons were extracted from

the sediments and analyzed as described below.

Hydrocarbon Extraction and Analysis

Samples of sediment were thawed in a 5°C refrigerator. After thawing, 25

g wet sediment was measured into 250 ml Erlenmeyer flasks. Hydrocarbons were

extracted by shaking each sample sequentially, twice with 50 ml ethyl ether

(Burdick and Jackson) and once with meythylene chloride (Burdick and Jackson).

The solvents were separated from the sediments between each step using

separator funnels. The solvent extracts were combined and reduced in volume

using a Vigreaux reflux column. After the volume of the extract had been

reduced to about 20 ml, 40 ml pentane (MCB) was added to the flask and the

volume reduced again. Addition of pentane and reduciton of the extract volume

was repeated twice. The extract was transferred quantitatively to 20 ml glass

vials and the volume adjusted to 10 ml with pentane.

The extracts were separated into three fractions using silica gel column

chromatography. Silica gel 100 (EM reagents, Darmstadt, W. Germany) was dried

overnight at 100”C. The dry silica gel was suspended in CH2C12 for packing

the columns. The columns were 25 ml burets with teflon stopcocks. After

rinsing each column with CH,C19, the silica gel suspension was added slowly

to the column unti

Lc

a 15 ml bed volume was achieved. The column bed was rinsed
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with 40 ml pentane prior to fractionation of the hydrocarbon extracts. The

pentane was drained to the bed surface and 5 ml of each sample was added ot the

column and drained into the column bed. After standing for 3-5 rein, the alkane

fraction (fl) was eluted from the column with 20 ml pentane and 5 ml 20%

(v/v) CH2C12 in pentane. The aromatic fraciton (f2) was eluted from the

column with 45 ml 40% v/v CH2C12 in pentane. After elution, each fraction

was reduced in volume to approximately 10 ml at 35°C and transferred

quantitatively to clean glass vials.

Analysis of fraction fl was performed with a Hewlett-packard  5840 9as

chromatography equipped with a flame ionization detector. Conditions for

chromatography were: injector, 240°C; oven, 70 to 270°C at 4°C/min; FID

detector, 300”C. The column was a 30 m x 0.2 rnm grade AA SE 54 glass capillary

column (Supelco, Bel”

2.5 111.

Fraction f2 was

afonte, PA) with 25 cm/sec He flow. Injection size was

analysed with a Hewlett-Packard 5992A gas

chromatograph-mass spectrometer operated in the selected ion monitor mode. The

following molecular ions were monitored: 128 (naphthalene); 142

(C1-naphthalene); 147 (HMB); 156 (C2-naphthalene); 170 (C3-naphthaline);

178 (phenanthrene/anthracene); 184 (dibenzothiophene-DBT); 192

(C1-phenanthrene); 198 (C1-DBT); 206 (C2-phenanthrene); 212 (C2-DBT);

220 (C3-phenanthrene); and 226 (C3-DBT). The conditions for chromatography

were: injector, 240”C; oven, 70 to 270”C at 4°C/min. The column was a grade

AA, so m ~ 0.2 mm SE 54 glass capillary  Column with 25 cm/sec He flow.

Injection size was 5 pl using the splitless injection mode.

Stand?rds of known quantities of both alkanes and aromatic compounds were

prepared for calibration and calculation of instrument response factors. Prior

to analysis of each sample, hexamethyl benzene (HM13) was added as an internal
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standard to achieve a final concentration of 12.6 ng/pl. The quantities of

specific alkanes and aromatic compounds were calculated according to the

following equations.

response factor

rf ❑ (area units of peak)/(ng of compound injected)

internal standard factor

ISF = (areaHhlB x rfH}lB)/(ng/pl HMB injected)

Quantity of compounds

ng/pl = (area of peak x rf peak) /(ISF)

Quantity per gram dry sediment

rig/g dry seal. = (ng/pl compound x PI of sample) /(g dry sediment extracted)

After calculation of quantities of specific compounds, the ratio of

~-alkanes, C11-C29 to pristane were calculated and the ratios of several

aromatic

The

compuunds to dimethyl phenanthrene  were calculated.

dry weights of the sediment samples were determined by weighting 25 g

wet sediment into aluminum pans and drying overnight at 100”C. After drying,

the pans and sediment were placed into dessicators to cool. After cooling, the

pans were reweighed to determine moisture content of the sediments.



VI Results

ENUMERATION OF MICROBIAL POPULATIONS

Table 2 shows the levels of bacteria, including both total direct and

total viable counts.

Beaufort Sea

Enumeration of bacterial populations in the Beaufort Sea indicates that

bacterial numbers decline somewhat during winter especially in surface waters

(Table 3). As in other marine ecosystems, numbers of bacteria are highest in

sediment, lower in water and lowest in ice. Also as occurs elsewhere, the

numbers of viable bacteria are several orders of magnitude lower than the total

numbers of bacteria observed using direct count procedures. Numbers of

hydrocarbon utilizing bacteria represent only a small proportion of the total

numbers @f bacteria, less than a fraction of a percent of the total numbers of

bacteri~. Compared to other Alaskan Continental Shelf regions the numbers of

viable bacteria in surface waters are significantly higher in the Beaufort Sea.

For example, the average number of viable bacteria enumerated in the northern

Bering Sea surface waters during several spring-summer sampling cruises was 6.9

x 102, which is over an order of magnitude lower than for comparable Beaufort

Sea surface water samples. No such differences, however, occur in direct

counts of water or sediment, nor in viable counts of sediment bacterial

populatio~s, The evidence suggests that the numbers of viable bacteria in the

Beaufort Sea, at least those enumerated on marine agar, are an order of

magnitude higher than the numbers of viable bacteria in nearby subpolar seas.

Results using the INT method (Zimmerman et al., 1978) indicdte that 1?; or less”

of the bacteria enumerated by acridine orange direct microscopy, suggesting

that most viable bacteria are enumerated on marine agar. In addition, counts of

oligoheterotrophic bacteria were consistently several orders of magnitude lower



Table 2. Enumeration of total and viable microorganisms.

SAMPLE DIRECT COUNT p?qATE COUNT
MARINE AGAR 4°C

------ ------ ------ ------ ------ ------ ------ -----

BBPI
BBOOO1
BBOO02
BBOO03
BBOO04
BBOO05
BBOO06
BBOO07
BBOO08
BBOO09
BBOOIO
BBOOI1
BBO012
BBO013
BBO014
BBO015
BBO016
BBO017
BBO018
BBO019
BBO020
BBO021
BBO022
BBO023
BBO024
BBO025
BBO025A
BBO026
BBO027
BBO027A
BBO028
BBO029
BBO030
BBO031
BBO032
BBO033
BB1OI
BB102
BB103
BB104
BB105
BB106
BB107
BB108
BB109
BBI1O
BB1ll
BB112
BB113
BB114
BB115
BI101
BI102

5.7ooxloof’
9.7OOX1OO6
1.4OOX1OO7
5.1OOX1OO6
5.5OOX1OO6
4 . 8 0 0 X 1 0 ° 8
5.9OOX1OO7
3.OOOX1O’J8
3.1OOX1OO7
7.3OOX1OO6
3.7OOX1OO7
9 . 2 0 0 X 1 0 ° 7
9 . 2 0 0 X 1 0 ° 7
5 . 2 0 0 X 1 0 ° 7
2 . 6 0 0 X 1 0 ° 7

4.1OOX1OO7
1.7OOX1OO7

2 . 3 0 0 X 1 0 ° 6
1.1OOX1OO7
1.7OOX1OO7
2 . 5 0 0 X 1 0 ° 7
8 . 3 0 0 X 1 0 ° 7
I.9OOX1OO7
1.1OOX1O1O
4.4OOX1OO9
5.5OOX1OO9
1.9OOX1OO9
1.3OOX1OO9
3 . 2 0 0 X 1 0 ° 7
5.3OOX1OO7
7.200X10°B
1.4OOX1O1O
1.4OOX1O’J8
2 . 3 0 0 X 1 0 ° 8
2.2ooxlo’J~
2 . 3 0 0 X 1 0 ° 8
7.5OOX1OO7
1.4OOX1OO8

1.1OOX1OO3
I.OOOX1OOQ
5.4ooxloo~
5.3OOX1OO+
6.8OOX1OO5
4.5OOX1O’J4
3.1OOXIOO4
1.9OOX1OO5
7.800X10°s
8.700X10°q
5.4OOX1OO4
6 . 2 0 0 X 1 0 ° 4
4.4OOX1OO*
3.4OOX1OO+
1.2OOX1OO5
2.2OOX1OO5
1.3OOX1OO5

2.4OOX1OO5
2.700X10°s
2 . 3 0 0 X 1 0 ° 5
4.1OOX1OO4
3.200X10°#
1 . 8 0 0 X 1 0 ° 6
6.800xloo~
1.3OOX1OO5

4.OOOX1O’J5
6.8OOX1OO9

9.7ooxloo~
1.1OOX1OO5
2.900X10°s
I.000xloos
1.1OOX1OOS
6 . 5 0 0 X 1 0 ° 3
2 . 8 0 0 X 1 0 ° 5
1.9OOX1OO6
2.OOOX1OO5
6 . 4 0 0 X 1 0 ° 5
1. IOOX1OOS
6.300X10°q
3.400xloo~
1.9OOX1OO5
1.1OOX1OO5
5.4OOX1OO4
7.7OOX1OO4
1.4OOX1OO*
7 . 6 0 0 X 1 0 ° 3
2.700X10°q
1 . 8 0 0 X 1 0 ° 3
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B I 1 0 3
BII04
BI 105
BII06
BII07
BI 108
B I 1 0 9
B I 1 1 O
BIII1
BI112
B1113
B1114
B1115
B1116
B1117
B1118
B1119
B1120
B1121
B1122
B1123
BbJOOOl
BLJOO02
BIAIOO03
BIJOO04
B~ooo5

BbJooo6
BWOO06A
BWOO07
BLJOO07A
BbJooo8
BWOO09
BLJOO09A
BWOO1O
Bbi OOll
Bb10011A
BWOO1l B
Bwoo12
BWO012A
B~oo13
B1410013A
BWO013B
B~ool~
BWO014A
BWOO15
BWO016
BWO017
BbJoo18
B~oo19

BWOO 19A
BWO020
BWO021
BWO022
BWO023
BWO024
BWO024A
BWO025
BWO026
BWO026A
BWO027

I.000xloos
1.9OOX1OO5
I.6OOX1OOS
8 . 5 0 0 X 1 0 ° *
7.800X100~
7.OOOX1OO*
1.900XIO05
8.500x100~
1.5OOX1OO5
7.800X10°~
1.3OOX1O’35
7.800X100~
1.1OOX1OO5
4.6OOX1OO*
5.4ooxloo~
7.8OOX1O’J+
9.3OOX1OO*
7.8OOX1OO4
7.800X10°q
I.000xloos
4.600X10°q

5.4OOX1OO5

1.4OOX1OO6
2.3OOX1O’JG

1 . 4 O O X 1 O O $

5.600X10°S

7.600X10°s

4.1OOX1OO6
8.7OOX1OOS
1.OOOX1OO6
7.1OOX1OO5
7.5OOX1OO5

5.8OOX1OOS

2.1OOX1OO5
6.8OOX1OO5
4.200X10°s

5.9OOX1OO5
4.1OOX1OO5

3.800X10°s

3.7OOX1OO1
7.3ooxloo~
1.600X10°~
l.looxlofJl
3.000XIO-01
1 . 6 0 0 X 1 0 ° 1
7.7OOX1OO1
0.000xlooc’
5.5OOX1OO2
9.900XIOO0
4.OOOX1O’J1
6.OOOX1O’31
2 . 9 0 0 X 1 0 ° 2
3.8OOX1OO1
6 . 3 0 0 X 1 0 ° 1
5.700XIOO0
1.OOOX1OO1
0.000xlooo
1 . 6 0 0 X 1 0 ° 0
5.OOOX1OOO
2.OOOX1OO1
1.9OOX1OO2
7.OOOX1OO3
4 . 8 0 0 X 1 0 ° 3
1.800X10°Q
6.000xIOOz
4.OOOX1OO3

2.400x10°a

7.700XIOOZ
8.400X10°Z

1.5OOX1OO3
1.000xloo~

6.7OOX1OOO

I.000XIOO’J

1.800X10°$

2.2OOX1OO4
1.600X10°~
2.600X10°’J
1.800X10°q
6 . 1 0 0 X 1 0 ° 3

3.1OOX1OO3
5.1OOXIOO3
1.300XIO03
2.700X10°’J
2.1OOX1OO’J

1.4ooxlofJ~
9 . 6 0 0 X 1 0 ° 3

9.7OOX1OO3
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BldO028 4.9OOX1OO5
BMO028A
BWO029
Bk10030
BWO031
BUO032
BMO033
BM0034
BNO035
BMO036
BUO037
BWO038
BWO039
BbIO040
BMO041
BWO042
BWOOQ3
BbJO079
BNO080
BUO081
BIIJO082
BUO083
BMO084
BWO091
BWO092
BN0093
BWO094
BIIJO095
BW101
BM102
BM103
BWI04
BWI05
BW106
BW107
BU107A
BW108
BU109
BUIIO
BM1ll
BU112
BW113
BlJl14
BW116
BW117
B~l18
BW119
BW120
BW121
BW122
BW123
GBO1O1
GB0121
GB0134
GB0137
GB0146
GB0148
GB201
GB202
GB203

2.300X10°s
6.’700X10°s
2.400X10°s
4.3OOX1OO5
7.4OOX1OO5
1.2OOX1OO6
3.1OOX1OO5
4.1OOX1OO5
3.4OOX1OO5
8 . 1 0 0 X 1 0 ° 5
1.3OOX1OO6
1.2OOX1OO6
1.1OOX1OO6
7 . 2 0 0 X 1 0 ° 5

6.400X10°s
6.200x10°q
7.OOOX1OO’
1.600X10°s
1.OOOX1OO5

2 . 8 0 0 X 1 0 ° 5
3 . 6 0 0 X 1 0 ° 5
1.7OOX1OO5
1.5OOX1OO5
2.800X10°s
1.1OOX1OO5
7.OOOX1OOQ
2 . 3 0 0 X 1 0 ° 5
1.2OOX1OO5
7.800X10°~
1.600X10°s
9.3OOX1OO*
9.300XIO0’J
1 . 6 0 0 X 1 0 ° 5
1 . 6 0 0 X 1 0 ° 5

1. IOOX1OO6
3.3OOX1OO9
6 . 2 0 0 X 1 0 ° 9

2 . 6 0 0 X 1 0 ° $

2 . 9 0 0 X 1 0 ° ’
1.9OOX1OOQ
9.:OOX1OO3
5.9OOX1OO3
1.800X10°q
2.300X10°4
3.5OOX1OO3
1.4OOX1OO3
7.looxlofJ2
3.3OOX1OO3
2.300X10°k
3.1OOX1OO2
2.300x10°a
9.800X10°Z
1.700XIO03

1.3OOX1OO1
2.OOOX1OO1
4.7OOX1OO1
5.OOOX1OO1
4.OOOX1OO1

1.4OOX1OO3
6 . 1 0 0 X 1 0 ° 2
5.7OOX1OO’3
6 . 2 0 0 X 1 0 ° 1
3.OOOX1OO1
3.3OOX1OO1
2.OOOX1OO1
1.OOOX1OO1
9.1OOX1OO3
8 . 3 0 0 X 1 0 ° 0
7.1OOX1OO2
1.3OOX1OO1
3.3OOX1OOO
1.200XIO01
1.3OOX1OO1
1.OOOX1OO*
1.1OOX1OO6
1.4OOX1OO6
6.200X10°s

Z.000xloo’
1.800X10°s
5.200X10°s
1. IOOX1OOS
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GB204
GB206
GB207
GB21O
GB211
GB212
GB213
GB214
GB216
GB217
GB218
GB219
GB220
GB223
GB224
GB225
GB226
GWOlol
GWofo2

GWO1O3
GWO1O4
GWO1O5
GlJo!06
GbJO 119
GbJO 124
Gb10133
GbJ0137
GW0145
Gb’lo 148
GW0156
GW0159
GtJ201
GW202
GIJ203
GlJ204
GbJ205
GW206
GW207
GW208
GW209
GLJ21O
GW211
G~212
GU213
GM214
GW215
GII1216
GLJ217
GIA1218
GU219
GW220
GW221
GW222
GW223
GIQJ224
GLI1225
Gb1226
GW227
BB201
BB203

2.500X10°g
2.7OOX1OO9
3.300XIO09
2 . 8 0 0 X 1 0 ° 9
5.200X10°g
3.3OOX1OO9

1.900XIO09
8.200X10°e
1.6OOX1OO9
4.OOOX1OO8
5 . 6 0 0 X 1 0 ° 9
6 . 1 0 0 x 1 0 ° 7
1 . 8 0 0 X 1 0 ° 9
1 . 8 0 0 X 1 0 ° 9
Q.1OOX1OO9
3.4OOX1OO9
1.2OOX1OO5
3.OOOX1OO5
1.4OOX1OO5
4.3OOX1OO5
3 . 8 0 0 X 1 0 ° 5
1.800X10°S
3.600X10°S
3.300XIO05
3 . 8 0 0 X 1 0 ° 5
I.000xloos
2.800X10°s
2.1OOX1OO5
5.OOOX1OO5
4.7OOX1OO5
2.600;”10°5
9.3OOX1OO4
3.3OOX1OO5
3.OOOX1OO5

9.3OOX1OO4
1.OOOX1OO5

2 . 7 0 0 X 1 0 ° 5
4.600X10°Q
9.3OOX1OO*
2.400X10°S

5.4OOX1OO4

6 . 2 0 0 X 1 0 ° 0
1 . 6 0 0 X 1 0 ° 5
1.5OOX1OO5
1.2OOX1OO5
4 . 6 0 0 X 1 0 ° *
1.2OOX1OO5
1.OOOX1OO5
7.OOOX1OO4
3.1OOXIOO*
1.OOOX1OOS
2.2OOX1OO5
7.800X10°k
1 . 6 0 0 X 1 0 ° 9
2 . 6 0 0 X 1 0 ° 9

6 . 7 0 0 X 1 0 ° ’
2.400XIOOQ
4.200Xlo0s
3.OC)OX1OO6
1.5OOX1OO5
1.700XIO05
1.7OOX1OO5
1.1OOX1OO$
3.7OOX1OC’3
1.5OOX1OO5
5 . 8 0 0 X 1 0 ° 3
1.1OOX1OO5
1.5OOX1OO3
I.2OOX1O’35
4.4OOX1OO5
4.OOOX1OO6
9.OOOX1OO6
5.5OOX1OO1
5.000xloo~
2.OOOX1OO1
5.000XIOO1
6.000XIOOq
6.500X10°q
3.5OOX1OO1
9.7OOX1O’J1
9 . 2 0 0 X 1 0 ° 1
1.2OOX1OO2
1.3OOX1OO2
1.9OOX1OO2
2.500X10°z
2.2OOX1OO2
2.2OOX1OO4
3.3OOX1OO1
2.1OOX1OO1
3.1OOX1OO1

1.4ooxloo~
9.7OOX1OOO

I.OOOX1OO3
5.9OOX1O’J4
3 . 6 0 0 X 1 0 ° 1
7.200X10°~
3.1OOX1OO1
1.OOOX1OO2

3 . 2 0 0 X 1 0 ° 1
2.300X10°~
3.3ooxloo’l
1.2OOX1OO3
3 . 8 0 0 X 1 0 ° 2
3.000XIOO1
1.5OOX1OO1
6.000XIOO0
3.OOOX1OO1
7.7OOX1OO2

1.600X10°s
3.1OOXIOO6
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BB204
BB205
13B206
BB207
BB208
B B 2 1 2
BB214
BB215
BB216
BB217
BB219
BB220
Bld201
BW202
BW203
BlI120f+
BW205
BN206
BW207
BW208
BW209
BW21O
BM211
BW212
BW213
BW214
BW215
BW216
BW217
BW218
BM219
BW220
GB301
GB303
GB304
GB308
GB311
GB312
GB313
GB318
GB319
GB320
GB324
GB325
GB327
GB328
GB329
GB333
GB334
GB335
GW301
GW302
GW303
GW304
GW305
GW306
GW307
GW308
GW309
GW31O

1.9ooxloo~
1 .  I O O X 1 O O 9
1.9OOX1OO9
1 . 6 0 0 X 1 0 ° 9
1.9OOX1OO9
1.5OOX1OO9
1.OOOX1OO9
1.1OOX1OO9
3.600X10°g

6.900X10°g
7 . 6 0 0 X 1 0 ° 8
9.3OOX1OO5
6.000XIOOs
4.5OOX1OO5
2.600X10°s
3.4OOX1OO5
4.OOOX1OOS
2.1OOX1OO6
3.7OOX1OO5
4.5OOX1OO5
4.2OOX1OO5
2.600X10°s
6.500X10°s
5.7OOX1OO5
5.3OOX1OO5
3.1OOX1OO5
3.200X10°s
2.800X10°s
6.000XIOOs
2.9OOX1OO5
3.1OOX1OO5
5.OOOX1OO’3
5.4ooxloo~
I.1OOX1OO9
6 . 1 0 0 X 1 0 ° 8
2 . 6 0 0 X 1 0 ° 9

2.9OOX1OO9
8 . 4 0 0 X 1 0 ° 8
3.700xloo~

2 . 7 0 0 X 1 0 ° 8
5.9OOX1OO8

7.1OOX1OO9

1.2OOX1OO9
2.700X10°s
4.3OOX1OO5
1.7OOX1OO5
1.500XIO05

1.7OOX1OO5
1.9OOX1OO5
2.1OOX1OO5

3.200X10°b
2.1OOX1OO6
1.5OOX1OO6
6.200X10°b
3.5OOX1OO’$
1.2OOX1OO7
5.5OOX1OO6
1.2OOX1OO7
4.5OOX1OO7

2 . 5 0 0 X 1 0 ° 6
1.7OOX1OO7
3.7OOX1OO4
3.2OOX1OO4
2.400X10°+
1 . 8 0 0 X 1 0 ° 5
2.600X10°q
7 . 2 0 0 X 1 0 ° *
2.looxloo~
3.600X10°q
3.7OOX1OO3
1.2OOX1OO5
1.9OOX1OO3
1.OOOX1OOS
9 . 2 0 0 X 1 0 ° 3
7.7OOX1OO4
2.2OOX1OO4
a.7ooxloOh
1.200XIO05
8 . 7 0 0 X 1 0 ° 3
1.700xloo~
1.OOOX1OO4
8.900X10°s
8.700X10°s
2 . 6 0 0 X 1 0 ° 6
1.7OOX1OO7
2 . 3 0 0 X 1 0 ° 6
2 . 9 0 0 X 1 0 ° 4
6.000XIOOb
6 . 9 0 0 X 1 0 ° 6
1.OOOX1OO4

8 . 4 0 0 X 1 0 ° 5
6.500X10°s

2.1OOX1OO7

1.5OOX1OO5
1.200XIO01
3.3OOX1OO1
I.000xlool
9.OOOX1OO1

1.OOOX1OO*
4 . 2 0 0 X 1 0 ° 3
1.1OOX1OO4
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Gld31 1
GW312
GlJ313
GW314
GW315
GW316
GW317
GW318
GU319
GW320
GW321
GW322
GU323
GW324
GW325
GW326
GW327
GW328
GW329
GW330
GW331
Gld332
GU333
GW334
GW335
GII1336
GW337
NBO02
NBO03
NBO04
NBO07
NB016
NB021
NB024
NB027
NB031
NB036
NBOQO
NB045
NBOU7
NB049
NB 101
NB 103
NB 107
NB1ll
NB 113
NB 115
NB 117
NB 119
NB 124
NB 126
NB 127
NB128
NB129
NB 130
NB131
NB 132
NB133
NB134
NB135

3 . 8 0 0 X 1 0 ° 5
2.500XIO05
2.2OOX1OO5

2 . 3 0 0 X 1 0 ° 5

4.4OOX1OO5
2 . 6 0 0 X 1 0 ° 5
6 . 2 0 0 X 1 0 ° *
2.2OOX1OO5

1 . 1 O O X 1 O O 6
1 . 5 O O X 1 O O 5

1.1OOX1OO6

2.600X10°s

1.200XIO07

1.900XIO05

2 . 3 0 0 X 1 0 ° 8

2.300X10°s
1. IOOX1OO9
1.5OOX1OO8

5.OOOX1OO7

3 . 2 0 0 X 1 0 ° 7
8.6OOX1OO7
4.4OOX1OO7
7 . 6 0 0 X 1 0 ° 7
1.3OOX1OO8
1.4ooxloo~
2.4OOX1OO8
4.3OOX1OO8
1.7OOX1OO8
1.5OOX1OO8
1.5OOX1OO8
1.4OOX1O’38
1.2OOX1OO8

7.800X10°7
1.7OOX1OO8
2.1OOX1OO8
3.5OOX1OO9
6.6OOX1OO8
2.OOOX1OO8
1.800X10°8

1.600X10°z
5.OOOX1OOO
2.OOOX1OO2

1.000XIO’J3

1.1OOX1OO5
7.7OOX1OO1
9.3OOX1OO1
1.1OOX1OO2

2.2OOX1OO2
6 . 1 0 0 x 1 0 ° 2

2.900X10°q

1.1OOX1OO2

4.7OOX1OO2

3.OOOX1OO1

2.900X10°&
4.OOOX1OO6

6.100xIOOG
3.OOOX1OO5
2 . 9 0 9 X 1 0 9 6

3 . 8 0 0 X 1 0 ° 5

1.1OOX1OO6
2.1OOX1OO7
1 . 8 0 0 X 1 0 ° 5
1.2OOX1OO6
1.2OOX1OO6
1 . 8 0 0 X 1 0 ° 5
1 . 8 0 0 X 1 0 ° 6
1.1OOX1OO7
1.5OOX1OO6
3.60GX10°6
5.OOOX1OO5
1.1OOX1OO6
1.7OOX1OO6
4.4OOX1OO6
1.1OOX1OO6
2 . 9 0 0 x 1 0 ° 6
3.OOOX1OO6
3.3OOX1OO6
1 . 8 0 0 X 1 0 ° 6
2 . 3 0 0 X 1 0 ° 6
2.1OOX1OO6
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N B 1 3 7
NB138
NB139
NB140
NB141
NB143
NB145
NB147
NB149
NB151
NB 152
NB153
NB 154
NB 156
NB 157
NB158
NB161
NB162
NB163
NWA29

N14B29
NIAIO02
NUO03
NWO04
NId O07
NU013
NIJ047
NU049
NIIJIOI
NM102
NU103
NW104
NW105
NW106
NMI07
NU108
N~lo9
NU11O
NLJ1ll
NW112
NW113
NbJl14
NkJl15
N&Jl16
NW117
NW118
NW119
NW120
NW121
NW122
NW123
NW124
NW125
NW129
NW130
Nbi131
NW132
NU133
NU134
NIIJ135

2.OOOX1OO8
2.OOOX1OOB

1.4OOX1OO6
1.3OOX1OO6

2.700X10°B
1.9OOX1OO8

2.600X10°6
1.1OOX1OO6
2.1OOX1OO5
1.7OOX1OO6
4.600X10°s
1.3OOX1OO6
2.9OOX1O’J6

3.5OOX1OO8
9.OOOX1OO7
2 . 3 0 0 X 1 0 ° 7
1 . 6 0 0 X 1 0 ° 8

1 . 6 0 0 X 1 0 ° 8
2.OOOX1OO8

2 . 6 0 0 X 1 0 ° 6
3.600X10°6

8 . 3 0 0 X 1 0 ° 7
1 . 8 0 0 X 1 0 ° 8
3.600x10°e
9.4OOX1OO7
1.1OOX1OO8

4.7OOX1OO6
3.800X10°6
3.5OOX1OO6
2 . 7 0 0 X 1 0 ° 6
2 . 9 0 0 X 1 0 ° 6

3.7OOX1OO5
4.OOOX1OO5
4.800X10°s
2.800X10°S
2 . 4 0 0 X 1 0 ° 5
1.1OOX1OOS
2.700X10°S
1.7OOX1OO5

4 . 6 0 0 X 1 0 ° 2
5.3OOX1OO2
3 . 6 0 0 X 1 0 ° 2
1.4OOX1O’32
1.1OOX1OO2
9.5OOX1OO$
1.7OOX1OO2
8.000XIOOq

2.OOOX1OO5 9.3ooxloo~

1.3OOX1OO5
2.000XIO05
1.800X10°S

4.5OOX1OO2
1.2OOX1O’33
6.000XIOOl

.3.OOOX1OO5 3.9OOX1OO2

2.1OOX1OO5 1.1OOX1OOZ

3.9OOX1OO5 6 . 2 0 0 X 1 0 ° 1

1.9OOX1OO5 9.4OOX1OOI

2.1OOX1OO5 4.700XIO01

2.400X10°S 9.1OOX1OO1

2.300X10°S
2.300X10°S

8.8OOX1OO4
9 . 2 0 0 X 1 0 ° 1

2.400X10°S 1.OOOX1OO2

3.7OOX1OO5
4 . 8 0 0 x 1 0 ° 5
3 . 2 0 0 X 1 0 ° 5
3.7OOX1OO5
3 . 2 0 0 X 1 0 ° 5
4.7OOX1OOS

1:OOOX1OO3
6 . 7 0 0 X 1 0 ° 1
8.000XIOOl
8 . 7 0 0 X 1 0 ° 1
1.4OOX1OO3
9 . 2 0 0 X 1 0 ° 2
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Nhl136
7 . 8 0 0 X 1 0 ° 1
6.8OOX1OO2

NW137
NW138
NW139
NW140
NW141
NW142
NhJ143
NW144
N~145

NLJ146
Nkl147
NW148
NiJ149
NU150
NW151
NW152
NLJ153
NW154
Nld155
NW156
NlJ157
NLJ158
NU159
NW160
NW161
NW162
NW163
NLl164
NW165
NZS13
NZ024
GB401
GB410
GB411
GB412
GB420
GB421
GBQ25
GB428
GB429
GB430
GB431
GB432
GB434
GB435
GB436
GB437
GB438
GB440
GB442
GB444
GB4Q5
GU401
GU402
GJJ403

GW404
GW405

GW406
GW407

2.looxlo~5
3.200X10°S

1.5OOX1OO3
8 . 5 0 0 X 1 0 ° $

8 . 8 O O X 1 O O 5
3 . 9 O O X 1 O O 5

4.1OOX1OOS
3.5OOX1OO5
1.800X10°S
2.500X10°s
6.100xIOOs

I.3OOX1OO3
7.7OOX1OO1
1.OOOX1OO2
4.5OOX1OO1
1 . 6 0 0 X 1 0 ° 2

1.5OOX1OO5
I.9OOX1OO5
8.700X10°q

9.OOOX1OO1
8 . 1 0 0 X 1 0 ° 2
5.5OOX1OO2

1.600X10°2
1.600X10°z
5.OOOX1OO1

2.1OOX1OO5
9.600X10°q

1.300XIO05
1.3OOX1OO5

2 . 5 0 0 X 1 0 ° 2
1.2OOX1OO2

1.3OOX1OO5
1.9OOX1OO5
2.900X10°S
2.2ooxlofJ5

4. IOOX1OO1
2.1OOX1OO1
1.5OOX1OO1
4.3OOX1O’J2

6.500x10°s
3.3OOX1OO5

I.3OOX1OO2
1.4OOX1OO2

4.3OOX1OO7
4.5OOX1OO7

4.5OOX1OO5
1 . 6 0 0 X 1 0 ° 7

5 . 2 0 0 X 1 0 ° 7
7 . 2 0 0 X 1 0 ° 7
4.7OOX1OO7
1.4ooxloo~
5.OOOX1OO7

1.1OOX1OO7
1. IOOX1OO8
1.3OOX1OO7
5.looxloo~
3.800X10°S

9.3OOX1OO7 1.OOOX1OO6

1.600X10°e
5.OOOX1OO7

3.900XIO05
1.4OOX1OO5

8 . 3 0 0 X 1 0 ° 7
1.OOOX1OO8
6.8OOX1OO7

1 . 6 0 0 X 1 0 ° 5
6 . 0 0 0 X 1 0 ° 5
5.900XIO05
2 . 5 0 0 X 1 0 ° 6
2. IOOX1OO6

3 . 2 0 0 X 1 0 ° *
2.OOOX1OO$

1.2OOX1OO3
5 . 8 0 0 X 1 0 ° 2

2.1OOX1OO4
3.1OOX1OO4
2.800X10°Q

4.7OOX1OO2
8.8OOX1OO2
5.600X10°z
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Gkr408
GW409
GN41O
Gh141 1
GW412
GW413
GW414
GW415
GW416
GLJ417
GW418
GM419
GW420
GW421
GW422
GhJ423
GW424
GLJ425
GW426
Gb1427
GW428
GU429
GW430
GW431
GkJ432
Gh!433
GW43Q
GW435
GW436
GW437
GW438
GW439
GW440
GW441
GW442
GW443
GW444
Gh1445
GB501
GB502
GB503
GB506
GB507
GB508
GB509
GB51O
GB511
GB512
GB513
GB514
GB515
GB516
GB517
GB518
GB519
GB520
GB523
GB524
GB525
GB526

2.2OOX1OO* 1.9OOX1OO3

2.OOOX1OO* 1.5OOX1OO2

2.700XIOO$ 1.3OOX1OO3

2 . 3 0 0 X 1 0 ° $ 1.800X10°z
2 . 4 0 0 X 1 0 ° * 6.100xIOOz

5.600X10°*
1.9OOX1OO4

1.7OOX1OO+
2.3OOX1OO*

2 . 5 0 0 X 1 0 09

1.400XIO04
2.OOOX1OO4
4.OOOX1OO’J
1.9OOX1OO4

1.5OOX1OO*

2.400X10°@
1.9OOX1OO$
2.500X10°k

4.800X10°e
7.5OOX1OOS

1.1OOX1OO9

8.900X10°B
6.700X10°S
4.7OOX1OO8
7.900XIO08
4.4OOX1OO8
6.900X10°e

2.500X10°a

5.OOOX1OO8
3.9OOX1OO8
4.7OOX1OO8

1.1OOX1OO2
7 . 2 0 0 X 1 0 ° 1

6 . 4 0 0 X 1 0 ° 1
5.400XIO01

7.400XIO07
6.400X10°1
2 . 8 0 0 X 1 0 ° 1
1.9OOX1OO2
3.200x10°f

1.2OOX1OO2
1.2OOX1OO2
4 . 8 0 0 X 1 0 ° 1
9.3OOX1OO2
2.4OOX1OOZ

2 . 8 0 0 X 1 0 ° 1
9 . 8 0 0 X 1 0 ° 1
1.3OOX1OO6

4.600X10°T

1.1OOX1OO6
3.200X10°S
7.1OOX1OO5
2.200XIO06
4.5OOX1OO5
5.4OOX1OO5

7.7OOX1OO4

5.400XIO05
6.400X10°~
2.300X10°G
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GBS27
GB528
GB529
GB532
GB536
GB538
GB545
GB549
GB550
GB552
GB554
GB557
GB558
GW501
GW502
GIJ503
GM504
GM505
GU506
GW507
GW508
GW509
GU510
GM51 1
GW512
GW513
GL1514
GW515
GW516
GIJ517
GW518
Gb1519
GU520
GU521
GW522
GW523
GW524
GlJ525
G~52fj

GW527
GL!528
GM529
GW530
GlJ531
GL1532
GIJ533
GU534
GW535
Gb1536
GW537
GlJ538
GW539
Gb1540
GI.4J5QI
GW542
Gld543
GM544
GW545
GW545A
GW546

4.5OOX1OO9

5.4OOX1OO8
2.800X10°s
6 . 2 0 0 X 1 0 ° 8

6.400X10°e
8 . 3 0 0 X 1 0 ° 8
3.000XIO04
4.1OOX1OOQ
4.000xloo~
2.500X10°k
4.100xloo~
3.500xloo~

3.7OOX1OO4
4.looxloo~
4.1OOX1OO4
3.5OOX1OO*
4.1OOX1OO4
3.800X10°q
3.4OOX1OO*

3.7ooxloo~

3.3OOX1OO’+
5.300XIOOQ
9.3OOX1OO4
8.300X10°q
5 . 2 0 0 X 1 0 ° *

5.900xloo~
5.800X10°q
6.000xIOOh
6.8OOX1OO*
4.7OOX1OO*
4.800X10°q
3 . 6 0 0 X 1 0 ° *
3.7ooxloo~
7.5ooxlofJ*

7.7ooxloo~
4.9OOX1O’J4
5.OOOX1OC’$
1.1OOX1OOS
6.300X10°q
5.800X10°~

6 . 5 0 0 X 1 0 ° *
6 . 2 0 0 X 1 0 ° 4

7.3OOX1O’35

7.300XIOO*
1.000XIO07

4.4OOX1OO6
4.7OOX1OO6
6.1OOX1OOZ

4.3OOX1OO1
3.4OOX1OO2
1.4OOX1OO3

1.5OOX1OO2
2 . 3 0 0 X 1 0 ° 2
I.000xlofJl
Z.000xlool
6 . 7 0 0 X 1 0 ° 0
3.OOOX1OOO

7.OOOX1OO1

2.OOOX1OO1
5.300XIOOI
1.7OOX1OO1
1.3OOX1OO1
3.700XIO01

1.3OOX1OO2
1.000XIO02
4.7OOX1OO1
4.OOOX1OO1
2.200XIOQ3
6.300X10°t
8 . 3 0 0 X 1 0 ° 1
6.OOOX1OO?
4.1OOX1OO2

4.1OOX1OO2
5.5OOX1OO2

1.600X10°Z

9.000XIOO1
2.400XIOOZ
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9.OOOX1OO*

9.600x100~
1.3OOX1OO5

8.200X10°*

6.7OOX1OO*
8.7OOX1OO$
4.800s100+

I.oocxloos
2 .  O 3 O X1 O O9
6 . 5 O J X 1 O ’ J 9
2.9OOX1OOS

2.502xtoo9
1.000s1009

2.3CCS1OO9
2. CCOX1OO9

1.8COX1OO9

4. OCCX1OO5
1.2OOX1OO5
3.53CXIOOS
l.aocxloo~
5, SOCX1CI05

2.3:CX10QS

2.50CX1C05

3.2C$XIOOS
3.2CCX1;’JS

4.6OOX1OOZ

5 . 8 O O X 1 O O 2

2.000xloo~
3.000XIO02
3.7OOX1OO1
I.000xlool
5.7LIOX1OO’4
4.8OOX1O’3S
~ 2OOX1OO5-,

7.3OOX1OO5
9.6ooxloo~

2.6OOX1OOS
1.3OOX1OOS

5.5OCX1OO5
4. IOOX1OO5
1.1OOX1OO3
I,2OOX1OO2
2.8OOX1OO2
1.5OOX1OO3
3.7OOX1OO:

8.1OCX1OOZ
1.400X1CO:

1.8GOX100~

2.602X1COZ
1, ICOX1OO2
3,3CIOXIOOZ
I,9OOX1OOZ



GM829
GII1830
GW831
GU832
GW833
GW834
GM835
GW836
GW837
Gb1838
GN839
GW840
GU841
GU842
GIJ843
GM844
GU845
GW846
GM847
GW848
GW849
GW850
GW851
GW852
GM853
GU854
Gb1855
GU856
GW857
GW858
GW859
GW86CI
GW861
GW862
GW863
GW865
GZ800
GZ806
GZ825
GZ829
GZ831
GZ834
GZ836
GZ838
GZ839
GZ840
GZ844
GZ8Q8
GZ853
GZ855
GZ859
G Z 8 6 2
GZ864
GB601
GB602
G B 6 0 3
GB604
GB605
GB606
GB607

1.4OOX1OO5 3.4OOX1OO2

3 . 2 0 0 X 1 0 ° 2
3.1OOX1OO2

2.600X10°S
1.400XIO05

3.1OOX1OO22.300X10°s

5.4OOX1OO5

4 . 6 0 0 X 1 0 ° ; 3.5OOX1OO2

2 . 9 0 0 X 1 0 ° 5 4.3OOX1OO2

4.2OOX1OO5 9.5OOX1OO1

7.4OOX1OO11 . 8 0 0 X 1 0 ° 5

4.800X10°S 2 . 6 0 0 X 1 0 ° 2

7.1OOX1OO2
3 . 2 0 0 X 1 0 ° 2
2.1OOX1OO2
1 . 8 0 0 X 1 0 ° 2

4.7OOX1OO5
4.5OOX1OO5
4.4OOX1OO5
3.9OOX1O’J5

6 . 5 0 0 X 1 0 ° 5 3.OOOX1OO2

4.5OOX1OO5
5 . 6 0 0 X 1 0 ° 5
5.OOOX1OO5

2.1OOX1OO2
2.OOOX1OO2
4.7OOX1OO2

4 . 6 0 0 X 1 0 ° 2
6.000XIOOz

5 . 2 0 0 X 1 0 ° 5
3.4OOX1OO5

6 . 0 0 0 X 1 0 ° 2
5 . 8 0 0 X 1 0 ° 19.7OOX1OO5

3.4OOX1OO5
1.2OOX1OO6
3.9OOX1OO5
2.2OOX1OO5
1.2OOX1OO5
3.9OOX1OO5
3.5OOX1OO5
3.4OOX1OO5

8.6ooxloo@
1.OOOX1OO2
1.4OOX1OO2
3.3OOX1OO2
3.500XIO02
4 . 8 0 0 X 1 0 ° 2
6 . 9 0 0 X 1 0 ° 2

3.1OOX1OO5
9.300XIO05
4.1OOX1OO5
4.1OOX1OO5
4.7OOX1OO5
5.200X10°s
6 . 7 0 0 X 1 0 ° 5
2.400X10°S

4.9OOX1OO2
1.1OOX1OO2
3.OOOX1OO2
2 . 9 0 0 X 1 0 ° 2
2 . 6 0 0 X 1 0 ° 2
4 . 6 0 0 X 1 0 ° 2
1.4OOX1OO3
7.1OOX1OO1

3.3OOX1OO8
6 . 5 0 0 X 1 0 ° 8

3.3OOX1OO6
3 . 8 0 0 X 1 0 ° 6
6.8OOX1OO5
2.2OOX1OO6
2.800X10°S
1.4OOX1OO5

8.200X10°B
4.9OOX1OO8
4 . 6 0 0 X 1 0 ° 8
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GB608
GB609
GB61O
GB611
GB612
GB613
GB614
GB615
GB616
GB617
GB622
GB624
GB625
GB626
GB627
GB628
GB629
GB630
GB631
GB632
GB633
GB63~
GB635
GB636
GB640
GB644
GB649
GB650
GB652
GB653
GB65Q
GB660
GB669
GB677
GW601
GU602
GU603
GIJ604
GIJ605
GU606
GW607
GW608
GU609
GIJ61O
GW611
GM612
GW613
GW614
GW615
GW616
GW617
GL!618
GU619
GW620
GW621
GW622
GW623
GW624
GW625
GW626

6.4OOX1OOC
5 . O O O X 1 O O 8
f+.000xlooe

5.800X10°e
3.7OOX1OO8

4 . 8 0 0 x 1 0 08

7.9OOX1OO8
5 . 8 0 0 x 1 0 ° 8

4.4OOX1OO8
4.800X10°e

2 . 3 0 0 x 1 0 ° 8

3.5OOX1OO8
7.OOOX1OO8
3.1OOX1OO8
5.5OOX1OO8
4.3OOX1OO$

3 04 0 0 X 1 0 0 8

3 . 8 0 0 X 1 0 ° 8
1.1OOX1OOS
9.3OOX1OO*
8.200x10°Q
8 . 3 0 0 X 1 0 ° *
6.000XIOO@
8.200X10°k
8 . 5 0 0 X 1 0 ° *
1.1OOX1OO5
5.200X10°~
5.600X10°~
9.5OOX1O’3’4
6.200x10°$
3.9OOX1OO*
1.2OOX1OO5
8.500X10°*
7.800X10°#
6.600X10°*
4.9OOX1OO4
1.1OOX1OO5
1.1OOX1OOS
1 . 6 0 0 x 1 0 ° 5
8 . 2 0 0 X 1 0 ° *
6 . 4 0 0 X 1 0 ° *
4.9OOX1OO*
9 . 3 O O X 1 O O *
6.8ooxloo@

1.2OOX1OO6
1.2OOX1OO6
f+.7ooxloo*
1.COOXIOOS
1.1OOX1OOS
1.800X10°G

1.1OOXIOO6

7.OOOX1OO5

I.4OOX1OO6
7.9OOX1OO6

f+.600X10°*
6.8OOX1OO6
8 . 5 0 0 x 1 0 ° 6

8.700X10°5

6 . 9 0 0 X 1 0 ° 6

I.2OOX1OO3
3.1OOXIOO2
3.200X10°Z
1.4OOX1OO2
2 . 5 0 0 X 1 0 ° 1
6.000xIOOl
1 . 8 0 0 X 1 0 ° 1
2 . 4 0 0 X 1 0 ° 3
2.400X10°1
6 . 9 0 0 X 1 0 ° 1
7.3OOX1O’JO
1.400XI09Z
8.8OOX1O’3O
5.4OOX1OO1
4.400XIO01
7.5OOX1OO2
1.1OOX1OO3
8 . 2 0 0 X 1 0 ° 2
2.2OOX1OO2
4.200X10°z
3 . 2 0 0 X 1 0 ° 2
2.1OOX1OO2
1.7OOX1OO2
3.5OOX1OO2
7.7OOX1OO1
8.000XIOOl
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Gh1627
GU628
Gb1629
GbJ630
GW631
GW632
GlJ633
GM634
GW635
G~13fj
GbJ637
GLJ638
GU639
GW640
GW6Q1
Gw642
Gw643
Gw644
GM645
GW646
G!J6Q7
GlJ648
GlJ649
GhJ650
GLJ651
GU652
GW653
GW654
GLJ655
GW656
GW657
GW658
GW659
Gld660
Gld661
Gb$662
GbJ663
Gb1664
GkJ665
G~66fj
G14667
GbJ668
GL1669
GW670
GW671
GLJ672
GW673
GW674
GW675
GW676
GM677
GM678
GW679
GW680
GW681
GW682
GW683
BB601
BB602
BB603

9.9ooxlofJ*
1.2OOX1OO5

8.200x10fJ+
6.2OOX1OO+
I.looxloos
1.2OOX1OO5
9.7OOX1OO*
1. IOOX1OOS
6.6ooxloo~
9.7ooxlofJ~
7.000X7004
8.900x100~
6.000xIoO~
1.1OOX1OO5
9.3OOX1OO*

5.OOOX1OO4
1.4OOX1OO5
7.6OOX1OO*

6. OOOX1OO4
8.900X100~
6.4OOX1OO$
6.2OOX1OO*
7.8OOX1OO*
7.4ooxlo~$
6.4OOX1OO$
7.6OOX1OO*
6.6OOX1OO4
5.4OOX1OO4
1.8OOX1OO5
7.400XIO04
7.2OOX1OO’J
6.8OOX1OO*
1.OOOX1OO5
1.4OOX1OO5
4.5OOX1OO4
7.2OOX1OO*
3.7OOX1OO*
4.9OOX1OO4
5.400XIO04
8.200x100~
9.5OOX1OO4
8.900xloO*
1.7OOX1OO5
4.3OOX1OO4
6.2OOX1OO*
1.OOOX1OO5
4.9ooxloo~
7.600x100~
1.3ooxlof35
6.8OOX1OO*
5.6OOX1OO*
6.4OOX1OO+
9.7OOX1OO+

6.200X100~
9.800X10°Z

9.5OOX1OO3
7.500X7001
5.9OOX1OO3
4.5OOX1OO3

9.500xIOOZ

1.5OOX1OO3

1.5OOX1OO3
6.4OOX1OOS

2.8OOX1OO*
2.000xloo~

1.2OOX1OO+
6.OOOX1OO3
4.5OOX1OO’$
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BB604
BB605
BB606
BB607
BB608
BB609
BB610
BB61 1
BB612
BB613
BB614
BB615
BB616
BB617
BB618
BB619
BB620
BB621
BB622
BB623
BB62~
BB626
BB627
BB628
BB629
BB630
BB631
BB632
BB633
BB634
BB635
BB636
EB637
BB638
BB639
BB640
BB641
BB642
BB643
BB644
BB645
BB646
BIO09
BW601
BM604
BU606
BIJ608
BW609
BW61O
B14611
BW612
BW613
BId614
BM615
Bb1616
BIJ6 17
BM618
BW619
BW620
BW621

1.600X10°g
1.3OOX1OO9
5.4OOX1OO8
1.9OOX1OO9
1.3OOX1OO9
2.OOOX1OO9
1.OOOX1OO9
1.7OOX1OO9
2.4OOX1OO9
2.OOOX1OO9
2.2OOX1OO9
1.1OOX1OO9

2.800X10°9

3.1OOX1OO9
9.9OOX1OO8
9.700XIO08

1 . 6 0 0 X 1 0 ° 9
2.2OOX1OO9
1.2OOX1OO9
2.OOOX1OO9
1.4OOX1OO9
1 . 6 0 0 X 1 0 ° 9
1.OOOX1OO9

1 . 8 0 0 X 1 0 ° 9

2 . 9 0 0 X 1 0 ° 9
2 . 8 0 0 X 1 0 ° 8
1.9OOX1OO9
1.OOOX1OO9
1.4OOX1OO9
1.600X10°9

2.300X10°5

2.OOOX1OO5
3.9OOX1OO5

4.5OOX1OO5
2.2OOX1OO5
5.800X10°s
7.800X10°S
6.100XIOOS
8.700X10°S
7.5OOX1OO5
4.800X10°S
4.600X10°5
9.2OOX1OO5

5.7OOX1OO5
2 . 6 0 0 X 1 0 ° 5
1.2OOX1OO7
2 . 5 0 0 X 1 0 ° 7
1.7OOX1OO6
9.4OOX1OO5
6.8OOX1OO6

3.OOOX1OO7

1.4OOX1OO7
1.3OOX1OO5

1 . 8 0 0 X 1 0 ° 7

1 . 8 0 0 X 1 0 ° 6
3.4OOX1OO5
1.9OOX1OO6

6 . 4 0 0 X 1 0 ° 6
2.2OOX1OO6
7 . 8 0 0 X 1 0 ° 5
3.3OOX1OO’6
1.5OOX1OO6

3.5OOX1OO5

1.9OOX1O’J$

3.7OOX1OO6
1.600X10°S
2 . 8 0 0 X 1 0 ° 5
2 . 3 0 0 X 1 0 ° 6
3.700XIO06
2.9OOX1OO6

6 . 2 0 0 X 1 0 ° 3
5 . 8 0 0 X 1 0 ° 3
1.3OOX1OO4
9.700XIO03
1 . 8 0 0 X 1 0 ° $

8.6OOX1OO3

1 . 8 0 0 X 1 0 ° 3
1.3OOX1OO9
4.OOOX1OO2
4.OOOX1OO2
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BW622
Bb1623
BU624
BM625
BW626
BIJ627
BLJ628
BW629
BW630
BW631
B W 6 3 2
BM633
BW634
Bb1635
BM636
BIJ637
Bb1638
BN639
BLJ640
Bb1641
Bu642
BW643
BW644
BW695
BW646
E B  1 0 1
E B  1 0 2
E I 3 1 0 3
E B  1 0 4
E B  1 0 5
EBI06
E B  1 0 7
E B 1 0 8
E B  1 0 9
E B 1 1 O
EB1ll
EB 1 1 2
EB 1 1 3
EB 1 1 4
EB 1 1 5
EB 1 1 6
EB117
EB 1 1 8
EB 1 1 9
EB120
EB 1 2 4
EB125
EB 1 2 6
EB 127
EB 1 2 8
EB 1 2 9
E W 1 0 1
E W 1 0 2
E W 1 0 3
EM104
E W 1 0 5
E W 1 0 6
EM107
E W 1 0 8
EWI09

5.3OOX1OO5
5.600X10°s
4.7OOX1OO5

5.5OOX1OO5
1.OOOX1OO6
6.8OOX1OO5
5.9OOX1OO5
6.6OOX1OO5
7 . 6 0 0 X 1 0 ° 5
8.000XIOoS
6.6OOX1OO5
1.OOOX1OO6
5.5OOX1O’35
7.3OOX1OO5
8 . 0 0 0 X 1 0 ° 5
1.1OOX1OO6
5.4OOX1OO5
4.9OOX1OO5
5.9OOX1OO5
5.7OOX1O’J5
9.7OOX1OO5
1.1OOX1OO6
1.2OOX1O’36
8 . 5 0 0 X 1 0 ° 5
1.3OOX1OO9
9.OOOX1OO8
2.OOOX1OO9
2.2OOX1OO9
7.9OOX1OO8
2 . 8 0 0 X 1 0 ° 9
2.4GOX10°9
6 . 9 0 0 X 1 0 ° 9
1.9OOX1OO9
2.1OOX1OO9
I.5OOX1OO9
I.4OOX1OO9
1.5OOX1OO9
2.OOOX1OO9
1.5OOX1OO9
2 . 8 0 0 X 1 0 ° 8
1.5OOX1OO9
1.5OOX1OO9
1.OOOX1OO9
9.OOOX1OO8
3.7OOX1OO8

2.600X10°a
1.4OOX1OO9
1 . 8 0 0 x 1 0 ° 8
1.1OOXIOO5
2.900X10°S
1. IOOX1OO5
1.300XIO05
2.400X10°5
7.800X10°q

7.800X10°h
8.6OOX1OO*

1.4OOX1O’J3
2 . 3 0 0 X 1 0 ° 3
7.300XIO03

8.6OOX1OO2
3.5OOX1OO3
9.OOOX1OO2
8.300X10°f
5.4OOX1OO2
1.4OOX1OO3
1.9OOX1OO3
1 . 6 0 0 X 1 0 ° 3
2. IOOX1OO3
1.2OOX1OO3
3.9OOX1OO3
8.6OOX1OO3
3.OOOX1OO3
9.7OOX1OO*
6 . 0 0 0 X 1 0 ° 3
1.OOOX1OO3
1.9OOX1OO3
1.3OOX1OO3
3.7OOX1OO2
1.OOOX1OO2
2 . 8 0 0 X 1 0 ° 2
1.4OOX1OO5
8.400X10°q
6 . 2 0 0 X 1 0 ° 5
2 . 3 0 0 X 1 0 ° 5
1.1OOX1OO5
5.7OOX1OO5
4.500XIO05
6.700X10°s
4.3OOX1OO5
5.4OOX1OO5
3.500XIO05
3.OOOX1OO5
2.600X10°s
2.900X10°S
2.400X10°S
2.1OOX1OO4
1.600X10°s
2.600X10°S
4.3OOX1OO4
1 . 6 0 0 X 1 0 ° *
4.OOOX1OO4

1.1OOX1OOS
5.4OOX1OO4
3.4OOX1OO*
1.1OOX1OO2
2.1OOX1OO2
1.600X10°z
1.5OOX1OO2
1. IOOX1OO2
2.4OOX1OO2

1.9OOX1OO2
1.900XIO02
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E W 1 1 O
ELJI1l
Ekll12
Ebll13
EW114
EIJ115
Eldl16
EW117
EW118
ELIl19
EW120
EW121
EW122
EW123
EW124
EW125
EkJ126
EW127
ELJ128
EW129
EZ125
EZ126
AA206
AA228
AA301
AA302
AA303
AA304
AA305
AA306
AA307
AA308
AA309
AA31O
AA3fl
AB203
AB211
AB216
AB222
AB238
AB247
AB250
AB253
AB262
AB270
AB273
AB276
AB279
AB285
AB288
AB291
AB294
AL1202
A14206
AW211
AW213
A14214
A1412  15
A14216
At+1217

6.8ooxlo~$
5.6OOX1OO*
9.6OOX1OO*
8.3OOX1OO*
9.8OOX1OOQ
1.2OOX1OO*
1.2OOX1OO5
1.QOOXIOOS
1.600X10°s
1.5OOX1OO5
1.2ooxlo~5
1.7OOX1OO5
I.000xloos
1.3ooxloo~
9.800XIOO+
4.6OOX1OOS
1.4OOX1OO5
1.2OOX1OO5
2.2OOX1OO5
2 .O O O X1 O O 5
1.OOOX1OO5
1.5OOX1OO5

7.OOOX1OO7
5.6OOX1OOS
1.600X10°s
2 .O O O X1 O O 5

2.4OOX1OOS

5.300X7007
3.200X10°G
9.4OOX1OO7
2.1oox1oO7
1.800X10°B
2.200xIo07
1.4OOX1OO8
5.600x100fJ
1.800XIO08
2.4OOX1OO9
4.7OOX1OO9
2.1OOXIOO9
7*4OOX1OO8
2.6OOX1OO9
4.2OOX1OO9
9.80OX1OO9
3.4OOX1OO9
1.1OOX1OOG
5.1OOX1OO5
7.7OOX1OO5
2.9OOX1OOS
3.200X10°S
1.6OOX1OOG
3.2OOX1OOS
f+.000xloo~

2.4OOX1OOZ
I.4OOX1OO2
4. IOOX1OO2
1.4OOX1OO2
1.309X1OO2
1.2OOX1OO2
1.3OOX1OO2
6.8OOX1OO1
2.700X10°z
3.8OOX1OOZ
2.000XIOO1
7.5OOX1OO1
1.6OOX1OOI
8.7OOX1OO1
1.5OOX1OO2
2.3OOX1OOZ
2.1OOX1OO2
1.800X10°z
4.OOOX1OO2
2 .O O O X1 O O 3
2.OOOX1OO2
1.800XIOOZ
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AM219
ltld220
AhJ221
AW222
AW223
AW225
AW226
AlJ227
AW228
AU229
AW232
AW233
Ab!234
AW235
ALJ236
AN237
AbJ238
AW239
AM24 1
AU242
AU243

AbJ244
hLJ2L45
ALJ246
Ab.1247
AM248
AW250
Aw25~

AbJ253
AW254
AkJ256
AM257
AW258
AW259
AW260
A~261

AW262
AW263
AW265
AW266
AII.J267
AW270
AlLJ27  1
ALJ273
AbJ274
LW276
AW277
AW279
AW280
Ab1282
AW283
AW284
AW285
AW286
AW288
AW289
AW291
AW292
AW294
AW295

2.900XIOOS
3.600X10°5
7.OOOX1OOG
3.5OOX1OO5
2.6OOX1OOS
2.2OOX1OO5
3.7OOX1OO5
4.500XIO05
2.QOOX1OO5
I.6OOX1OO5
3.2OOX1OOS
2.gooxlo~5
1.1OOX1OO6
2.800X10°s
3.QOOX1OO5
6.6OOX1OO5
1.600x10°S
1.400XIO05
9.800x100~
9.200XIOO*
3.800X10°5
2.1OOX1O’J5
3.600X10°5
7.5OOX1OO5
1.500XIO05
6.300X10°s
1.9OOX1OO5
2.2OOX1OO5
2.300X10°S
1.9OOX1OO5
4.800X10°5
5.1OOX1OO5
4.7OOX1OO5
3.OOOX1OO5
6.6OOX1OO5
1.OOOX1OO6
I.4OOX1OO5
1 . 8 0 0 X 1 0 ° 5
1 . 6 0 0 X 1 0 ° 5
1.4OOX1OO5
1.9OI)X1OO5
8 . 5 0 0 X 1 0 ° $
8.500X10°u
1.1OOX1OOS
8 . 4 0 0 X 1 0 ° 5
2 . 6 0 0 X 1 0 ° 5
I.2OOX1OO5
1.2OOX1OO5
8 . 5 0 0 X 1 0 ° *
2.OOOX1OO5
1.500XIO05
2.300X10°s
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Table 3. Counts of bacteria t standard deviations (numbers g-l)

Number of Direct Viable Hydrocarbon
Samples Count Count Utilizers

I ce Winter 1976 9.9~8.2~104 6*6fl,8~lol -

Water Summer 1975 40 802~702~105 9.6f4.8x10~ -
Winter 1976 1.8tl.3x105 6.1~7.0x104 -
Summer 1976 % 5.2t3.9x105 5.()~3.2x10 -
Summer 1978 50 6.7i4.9x105 3.5?2.9x10 4 2.6L3x101
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Sediment Summer 1975 30 6.2~101x108 2.0fl.lxlo6 -
Winter 1976 20 3.7il.oxlo8 2.5fl.9x105 -
Summer 1976 20 2.1:0.9x109 8.3f6.7x106 -
Summer 1978 40 1.6*0,8X10 9 5.3t3.2x106 2.5k2.2x104



than those for the copiotrophic bacteria enumerated on marine agar. The

numbers of hydrocarbon utilizers were typical of pristane waters (Table 3).

Gulf of Alaska

There was no significant diffe~ences  in viable counts between March and

October samples in the Gulf of Alaska despite warmer fall temperatures (Table

4). In offshore surface waters viable counts ranged from 1.0 X 101 to 6.1 X

102/ml; intertidal water samples had significantly higher viable counts, 3.8 X

102 to 1.1 X 105/ml, viable counts in sediments ranged from3.7 X 103 to 1.7 X

107/g dry wt. In most regions numbers of hydrocarbon degraders were low (Table

5).

Cook Inlet

Total numbers of microorganisms were about

the northern and central portions of lower Cook

lower Cook Inlet region (Fig. 2). The greatest

an order of magnitude lower in

Inlet than elsewhere in the

microbial biomass was found

just southeast of the entrance to Cook Inlet. In both lower Cook Inlet and

Shelikof Strait the range of total numbers of microorganisms was similar,

generally with only one order of magnitude variation.

Numbers of hydrocarbon utilizers within Cook Inlet were much more variable

than numbers of total microorganisms (Fig. 3). Relatively higher

concentrations of hydrocarbon utilizers were found within nearshore regions

than within the central portions of the Inlet. High concentrations of

hydrocarbon utilizers also were found at the upper end of Shelikof  Strait and

just southeast of the entrance to Cook Inlet.

hydrocarbon utilizers occurred in the northern

region known as Oil Bay.

The largest determined number of

portion of Kamishak Bay in a
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F i g u r e  2. D i r e c t  c o u n t s  o f  t o t a l  m i c r o o r g a n i s m s  i n  C o o k  I n l e t  (g-l).
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Figure 3. Direct counts of total microorganisms in Norton Sound (g-l).



Table 4. Viable counts in Gulf of Alaska

Station Viable count Viable count

-ia 5°C(ml
-fto;o;sl)

or g-l) (ml

Northwest Gulf of Alaska
Water Samples

101 5*5 x 10;
106 6“5 X 101
119 3“5 x 101 4“3 x 10;
124 9’7 x 101 8“0 X 102

133 9“2 X 102 1“1 x 10
137 1“2 x 102

145 1“3 x 102 3“1 x 10;
148 1“9 x 102 5“7 x 103

1!56 2“5 X 109 2“0 x 102

159 2“2 x 10L 5“6 X 10
Sediment samples A

101
121
134
137

1“0 x 10;
1“1 X 106
1’4 x 105

6“2 X 10

8“4 X 10:
1“2 x 105

3“5 x 10

Northeast Gulf of Alaska

Water samples

:

2;
30
32
52
53
57
59
A
D
E
F

3“3 x 10;
2“1 x 101
3’1 x 101
1“5 x 101
3“3 x 101
1“2X 10
7“2 X 10~
5*9X l(J1
1’0 x 101
1“4 x 102

7“7 x 104

2“2 x 103

1’1 x 102

3“8 X 10

3“9 x 10:
2“0 x 101
2“2 x 10,
1“8 X 10j
3“2 X 10,
5“8 X 10~
1“0 x 101

2“6 X 101
2“7 X 101
1“7 x 103

2“9 X 104

2“0 x lom
9’9 x 10;
3“8x 10

Sediment samples
5“2 X 10: 2“1 x 10;

; 1“1 x 103 5“5 x 105

30 5“8 X 105 1“2 x 104

32 1“1 x 103 6“0 X 103

37 3“7 x 10 3*3 x 105

52 1“7 x 10; 4“7 X 106
53 3“0 x 105 6“1 X 105

57 4“2 X 106 3“1 x 107

A 4“0 x 105 1“7 x 105

D 1“8 X 103 2“4 X 103

F 1*5X 10 4“4 x 10
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Table 5. Enumeration of hydrocarbon ut+lizers.

~/ml or#/g (drywt)
Source Sample Mean Standard Range No. of

deviation samples
Northwest Gulf of Alaska

Oct. 1975 Water 4*7 0.01-15 10
Oct. 1975 Sediment ;:: 3.1 0.1-12 8

Northeast Gulf of Alaska
March 1976 Water 0.2-6 10
March 1976 Sediment ;:: ::; 0.6-12 9

Cook Inlet
Oct. 1976 Water 64 153 0.1-680 15
Oct. 1976 Sediment 2,980 7,020 66-26,000 11
April 1977 Water 37 130 0.01-680 20
April 1977 Sediment 6,670 9,110 1-33,000 11
Nov. 1977 Water 37 58 0.02-210 16
Nov. 1977 Sediment 8,420 8,370 23-20,000 8

—.——— . . . . . . . . . . . . . . .._...—
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Bering Sea

The data in Table 6 show population levels of microorganisms in water and

sediment in several regions of the Bering Sea, including total counts and

numbers of hydrocarbon degraders. Within Norton Sound, along a northwesterly

path from the mouth of the Yukon River, concentrations of microbial biomass

were found to be lower than elsewhere in the Sound (Fig. 4). The highest

numbers of microorganisms were found near the reported Norton Sound gas

seepage.

Northwest from the mouth of the Yukon River the numbers of measured

hydrocarbon utilizers are low (Fig. 5). There is a localized area of high

numbers of h~’drocarbon utilizers near the southwest outlet of the Yukon River

and a more extensive area of relatively high numbers of hydrocarbon utilizers

at the southeast inner end of the Sound. No elevated numbers of hydrocarbon

utilizers, above the background numbers characteristic of the region, were

found near the site of the Norton Sound gas seepage.

The numbers of hydrocarbon degraders and total microbial counts are shown

in Table 6. The lowest total numbers of microorganisms were fGund in the open

waters of the northern Bering Sea whereas the most viable populations in water

were found in the near shore waters of the Aleutian Shelf. Populations of

hydrocarbon degrading microorganisms in the water column were very low in all

areas of the Bering. Only the northern Bering and the north Aleutian Shelf had

significant populations of hydrocarbon degrading organisms in water in ice

covered areas. Very few of the sediments examined had large populations of

hydrocarbon degraders, the majority of the stations sampled had less than 1000

hydrocarbon degraders per g of sediment.
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Table 6. Enumeration of microbial populations including hydrocarbon

North Bering Norton Sound Mid-North South Bering
Sea Bering Sea Sea

April 1979 Aug. 1979 May-June 1980 Aug. 1980

utilizers.

South Bering
Sea

Jan. 1981

Direct Counts 1.4 x 105 2.8 X 105 1.98 X 105 2.6 X 105 9.3 x 105

Water ? 0.87 ~ 1.47 t 1.74 f 1.5 ? 7.2

Direct Counts 1.7 x 109 2.1 x 108 2.3 X 109 1 09X 109 2.95 X 109

Sediment f 1.4 * 1.88 t 1.4 * 2.5 f 2.26

MPN 11.3 f 12 - 1*1 f 5.7 ()*1 2.2 k 6.2
Hydrocarbon
Utilizers
Water

MPN 2.6 X 103 92 X 102 <3 x 102 30 x 102 24.7 X 102

Hydrocarbon t 3.3 t 163 to ? 17
Utilizers
Sediment

TAXO!JOMY OF INDIGENOUS MICROBIAL POPULATIONS

General Characteristics of Beaufort Sea Isolates

Table 7 summarizes the occurrence of selected features in the bacterial

populations. Gram-negative rods predominated in water and sediment. The

majority of 4°C isolates from water were orange. Of the 20”C isolates, more

from sediment than from water were pigmented. The 20°C isolates grew at higher

temperatures and salinities than did the 4°C isolates. More sediment than

water isolates tolerated low pH. Most isolates grew at 5 to 15°C, pH 6 to 8

and salinities of 3% (w/v) NaC1.

More sediment than water isolates hydrolyses starch and gelatin. The 20°C

isolates from water and sediment were equally lipolytic, but more 4°C sediment

isolates than water isolates were lipolytic. Nitrate reduction was common in

4°C sediment isolates but rare in 4°C water isolates. Almost equal numbers of

20C
C isolates reduced nitrate. Few strains were oxidase-positive. Isolates
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Table 7. (kcurrence of selected features in water and sediment bacterial popJl ations isolated at 4
and 20”C (expmsed as a percentage of the total smrd in each group for the given test)

Feature

Red-shaped
Curved axis
Gram-negative
Ft3ti le
Capsule

Length
1.1-2.0 l.rll
2.1-3.0 pm
3.1-4.0 ~

Nm-pigmted
Orange
Yel 1 cw

Grwth at:
5°C
10”C
15°C
20”C
25°C
37’C
~5
@t6
pH7
@i8
pH9
G% (w/v) Nacl
o.5x (w/v) Nacl
3% (w/v) NaCl
5% (w/v) Nacl
7.5% (w/v) NaCl
10X (w/v) Nacl

Stard hydrolysis
@l atin hydmlysis
Tween 20 hydrolysis
Tween80  hydrolysis
Phosphatase
Catalase
Oxidase
Arginine decarboxyl ase
Lysine decahoxylase
Omithine decmtmxylase
Anmnia frun pepton
Nitrate to nitrite

4°C isolates 20”C isolates

Water Sedim2nt  Water %dirnmt

100
29
99
4
19

;

;:
67
5

103
103

%
18

5;
90
%
89
73
8
8
92
72
27
17
9

41

:
88
90
0

63
18
5

:

lm

:
48
26

:
40
56
23
10

103
99
99
56
20
0

82
96
97

ii
16
52
93
69
20
17
36
50

:;
86
72
16
42
19
10
37
64

99
34
97
5

18

;;

:;
30
33

97
99
99
99
77

7:
100
99
99
46
32
92
99
63
48
46
55
43
48
74
79
77
18
16
6

19
69
22
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Acid frun:
Glucose (oxid. )
Glucose (ferm. )
Lactose
Sucrose

Uti 1 ization of:
carbohydrates
Glucose
Organic acids
Pcetate
Pyruvate
Alcotnl S
Glycerol
Ani no acids
Hydrocarbons

Gruith factor:
Typ 1
Typ 2
Type 3
T~ 4

55
58
37

:
29
28
32
0

2
25
5

62
60 :;
5 8
18 43

67 W
50 85
69 88

$ :
56 79
35 66
40 83
0 6

24
53 ;<
18 6
5 4

38
50
12
36

44
31
50
27
38
31
25
37
6

;
37
10

utilizing at least one substrate were counted for each class of substrates. The

frequencies of utilization were in the order: carbohydrates > carboxylic acids

> amino acids > alcohols >> hydrocarbons. The 4°C sediment isolates utilized

more substrates than did the 4°C water isolates; the reverse was true for 20”C

isolates. Since substrate utilization was determined with only vitamins as

growth factors, fastidious organisms (growth factor requirement type 3 or 4)

were not tested. Thus, only 70% of 4°C water isolates, 77% of 4°C sediment

isolates, 90% of 20°C water isolates and 52% of 20”C sediment isolates could be

tested. Obviously, growth factors are extremely important nutritional

requirements for the Beaufort Sea bacteria.

Cluster analyses

Of the 4°C isolates (L series), 62% fell into 14 clusters at the 752

similarity level. Four of these clusters had only two members. The remaining

38$. of the 4°C isolates did not cluster at this similarity level. The largest

cluster (L4), tentatively identified as Flavobacterium, had 60 strains
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(accounting for20% of the total 4°C isolates) of which 67%were isolated from

water (Fig. 6). The second largest cluster (L6), also tentatively identified

as Flavobacterium,  contained 28 strains, 80% of which were isolated from water.

The 20°C isolates (H series) fell into 13 clusters, which contained 60?< of

the isolates. Six clllsters had only two members. The overall populations were

very diverse (Kaneko et al., 1977b). In the largest cluster (H7), which has

not been identified, 85% of the strains were isolated from water and accounted

for52% of all 20°C water isolates (Fig. 7). The second largest cluster (H4),

tentatively identified as Flavobacterium,  contained 13% of all 20”C isolates.

From the 27 original clusters, 47 representative strains were chosen (3

from each of the 10 largest clusters and 1 from each of the others). Cluster

analyses failed to show similarity (75%) between the 4°C and 20°C clusters.

Thus, the populations isolated at 4°C appear to be distinct from those isolated

at 20°C. Tests on the 47 representative strains were repeated at 5°C since

even identical organisms can show different test results at 5°C and 20”C.

However, less than 3% of the repeated test results differed from the original

results for both the 4°C and 20°C isolates.

Distribution of clusters

The distribution of the clusters is shown in Figs 6 and 7 for the 4°C and

20°C isolates, respectively. Some of the clusters (Ll, L4, L6, H4, H7) were

widely distributed geographically inwater and sediment, but most clusters

showed restricted distribution, e.g. cluster L12 contained only strains from

sediment near Point Barrow.

Classification of clusters

The features of the major clusters are show in Table 8. The growth factor

requirements for all clusters are shown in Table 9. None of the isolates

clustered with the reference strains and none was identified by the NIH/ATCC
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Table 8. Feature frequencies* of selected characteristics of N“or clusters of bacterial populations
isolatedat4  and20°C

Cluster L 1 L 2 L 4 L 5 L 6  L 7 L 9 L 1 O L 1 1  L 1 2 H 3 H 4 E 5 H 6 H 7 W H 1 O
No. of strains 21 9 m 4 28 7 4 10 61373697m 3 12

cell mqilolqy
Rod sha~d 1(KI 1(XI l(x) 100 100 10J 103 10S 1(KI 103 la) lm 88 103 1(XI 10S 103
Cuwed-axis 2844111CD 327125701~84 0 8 3 3 3 5 7 6 0 25
COcccbacillary  O 0 3 0 0 0 0 0 0 0 1 6 0 0 0 2 0 0
Pear-sha@ 14 E!8152521O 0 2 0 2 5 1 5 0 2 0 2 8 3 8 3 3 0
P1 em~hi c 9577961U19685101  =l~ 9 2 3 3 8 5 5 5 4 2 3 8 6 6 8 3
Tapred ends 81 22 8 0 3 0 0 10 0 0 0 0 0 1 4 1 7  UXJ0
Rounded ends ltIl 100 100 100 100 lCO 1~ 100 lCil 103 103 lCO 103 lCO 97 lCII 91

Cel 1 length
0.5-l.@m 0 0 1 0 3 0 0 0 0 066 0 014 7 0 0
1.1-2.@ll O 33 42 0 2 9 1 6 0 2 0 0 0 0 2 5 5 2 8 4 2 0 8
2.1-3.@m 4 4 4 4 4 2 5 4 2 5 0 0 5 0 2 5 1 5 0 2 6 3 3 1 4 2 6 0 0
3.1-4 .qJrrl 4 2 2 1 0 5 0 1 7 3 3 2 5 3 0 7 5 6 9  1 6 4 5 1 1 0 1 0 1 0 3 5 0
4.1-5.Opm 28 0 0 0 3 2 0 7 5 0 0 1 6 1 6 2 5 0 0 6 0 2 5
5.1-10.@n 65 0 1 25 0 0 0 0 0 0 0 0 0 4 2 6 0 1 6

Cells width
4L5~ o 0 1 0 5 0 3 9 0 0 0 0 0 6 6 8 4 4 1 4 6 0 0
0“5-l”~lm 8 1 1 038950 6O1CO1O31CX)1(XI 843391668593103103
1“1-2”Opnl 19 0 0 0 0 0 0 0 0 15 0 0 0 0 0 0 0

Cel 1 arrangement
single cells 100 lCKl 103 1(KJ 103 103 1(D 1(K) 1(XI 103 lCO lUl lM 100 100 1(X) 103
chain fonmtion 5 33 63 0 67 0 2 5 5 0 0 0 0 0 33 14 8 3 3 4 1
irrqular
aggregates O 0 3 0 3 0 25 0 0 0 0 2 11 0 21 0 41

Ni scel laneuus
cel 1 features

PHB inclusions 8 1 5 5 0 0 0 0 0 0 0  0 0 0 014121~8
Capsule 23 0 22 0 3 2 2 8 0 6 0 2 5 0 0 811 0 7 0 8
Acid fast 0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0
Sudan black 9577 3 0 3 0 0 0 0 0 0 2 028301mo
Gram+wgative 103 103 93 lCO Ml lCO MO 100 103 1(XI 103 103 103 l(x) 103 103 91
Mtile 0 0 0 0 0 1(X) 75 0103103 0 0 0 0 0 0 0

Colony pi ~ntat icn
Mdi ffusibl e
yel 1 w 0 0 3 6 6 3 0 0 0 25 0 8 3 1 1 8 5 0 0 0 1(KI
Nondiffusible e
orange 4 2 2 9 5 3 3 9 2 0 0 1 0 0 0 1 6 6 8 1 1 0 0 0 0
Mite o 0 0 0 0 0 0 0 0 7 0 0 014 3 0 0
Grey 95 77 0 031CMl101ti17592022 085971mo

Colony size
<IJTm MI 88 103 103 85 0 25 103 0 1 5 8 3 4 5 1 (  K18543M1KJ
1-21TIT 0 0 0 0 0 1 4 7 5 0 2 5 6 1 1 6 5 4 0 1 4 4 8 3 3 0
2-&m 0 0 0 0 0 8 5 0 07523 0 0 0 0 7 0 0
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Colony nwphology
Translucent 6 6 7 7 % 6 6 8 9 0 1 0 0 9 0 2 5 7 3 3 7 4 1 0 3 8 5 4 7 0 16
Transparent 23 22 3 33 10 14 0 1 0 0 0 0 2 2 0 14 2 3 3 0
O$qU; 0 0 0 0 8 5 0 0 7 5 9 2 6 6 5 0 0 5 0 1 0 3 8 3

9:lHXll~891001 C01~loo lCO1OO1@l 103100 %Wl~
&nvex l~8J3%103100100501~75  92103851C085791001m
Phcoid o 0 0 0 0 4 2 2 5 2 0 0 016 2 028 1 0 0
G1 istening lmloolm lmloolmlmlmlm lm831mlallm M3375
%-coth lm la lm la) 100 lm lm 100 lm la) lm lm lm M lm lm

Grcwth in liquid media
M grwt.h in
liquid 4 3 3
Floccular 10 0
Ring 0 0
Pellicle 5 0
Even 47 16
S1 ight of no
turbidity 68 103
MMerate
turbidity 26 0

Heavy turbidity 5 0

5 33 7 0 0 0 0 0 0 0 0 0 0 0 0
0 0 4 1 6 1 0 0 0 5 0 0 75 5 33 0 19 33 27
3 0 0 0 0 0 2 5 3 0 0 3 7 7 7 4 2  0 0 0

0 0831m 0 5 0 0 0 2 014 3 0 0
3; 028331031~ 751U12594~ KK)276636

75 103 92 33 0 2 0 0 0 7 5 3 1 042731C0W

24 01250103801C01002568ti  5 7 2 6 0 9
0 0 016 0 0 0 0 0 0 3 3 0 0 0 0

Acid frcm
D-Ribose 0 0 2 0 0 0 0 0 1 0 3 8 1 0 9 0 1 4 3 5 0 0
D-Fructose O 16 32 0 1 3 0 0 0 1 0 3 8 4 0 9 0 1 4 2 7 0 0
Celloboise O 0 0 0 014 0 0 0 7 0 2 014 2 0 8
Lactose 0 0 0 0 0 0 0 0 0 0 0 5 0 0 3 0 0
Sucrose 0 1 4 5 7 0 5 0 0 0 1 1 0 0 069 0 048 0 8
D-h’bnnitol 0 0 0 0 0 0 0 025 0 020 014 6 0 0
D-M ucose
(aerobic) 26015060501mo  l~looo5211169~~

D-G1 ucose
(fenm-tative) 26 12 20 0 27 75 103 0 100 1~ 16 69 33 0 59 33 0

Ni scel 1 arieous features
Irdolepmduced  O O 0 0 0 0 0 0 0 7 0 0 0 0 0 0 0
Pm3nia
produced 6 0 3 0 3 14 100 0 75 100 0 8 5 8 9 8 5 1 2 3 3 0

Nitrate
reduced 0 0 0 0 oloolmlm lmlm 8 3 1 1 0 8 5 3 33 100

Nitrite
reduced 0 0 0 0 0 42 0 3 7 0 0 0 5 0 0 1 0  0

Arginine
decart)oxylase 56 71 70 66 65 14 0 4 0 5 0 2 3 5 0 2 9 2 2 3 3 1 5  0 0

Lysine
decatixylase  28 0 16 0 1 6 0 0 4 4 0 5 3 0 0 1 2 0 3 5 0 0
Omithine
decartmxylase  12 0 2 50 0 2 8 5 0 1 2 0 0 0 2 1 2 5 1 5 9 5 0 0

(klatin
hydrolysis 14 22 55 042851U1205038064 014 3 0 0
Sti~h -

ttydmlysis  O 0 5 0 085 0 0751C01malmo 0 0 1 0 0
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Twen 20
hydml ysis 1 2 3 3 1 0211001U31W 1001m~181~ 1 0 ) 4 5 6 6 5 0

Tween 80
hydrolysis 40751125111~l~Wl~ 103 0918842821~~

Catalase 9366 ~~9; ;lylglmlm 7575501c054Mlm
Oxidase 0 0 0 9 0 050 0 0 0 0
Alkaline phos-
phatase 1~1031~1~1031031~551~  7 6 8 3 8 5 6 6 7 1 9 3 6 6 1 6

Urease 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0

pli~wrth at
0 0 0 0 0 0 0 0 Oooooo loa~.. .

m 181i942514~l~901~l~ 28Wl~85251~l~
$$ 56 lCO lCQ lCKI 71 lm 103 103 103 103 100 lm lm 10J KXl lal 102

103 lCQ NXI 100 82 1~ 100 KXI 103 100 85 100 100 Ml 98 10J 103
@ 103 lCO 102 N33 78 Ml 101 1(KI 1(JI 103 103 lCO 103 101 103 103 I(XI
pP9 57 103 103 lCQ 17 85 100 100 1(KI 103 0 2 77 103 97 102 103
@lo 4 0 0 0 0 7 1 0 Olmlm o 0 0 0 1 0 0

Tmperatu~:grwth  at
5°c 103 103 103 103 103 lCO 103 102 103 lCO lCKI 97 103 102 103 XII 1(KI

10”C 103 103 102 KU % 100 lm lCO 103 lal 103 la) 1(XI 102 103 No lCO
15°c 100 lm 103 100 96 71 103 10J lal 103 103 lm 103 lm 102 lCO NM
20°c 95 1(KI 96 0 8 9 0 0 103 Oolcolcolmlmlmlmlm
25°C 578S 1 0 3 0 0 1 0 3 0 028881mloo%661m
37°C 0 0 0 0 0 0 0 0 0  002:01 0 25
43°C 0 0 0 0 0 0 0 0 0  000 0 1 0 0

MCI :gmtti at
o.cb(w/v) 5 2 9 6 0 4 0 0 89 0 0 0 989&62034100
O. Y:(w/v) 71 lm % 0 9 2 0 0 1 0 3 0 016821~1~97661~
3.u,(w/v) 951CKJl(KI lCD421~lC0~l~lC0  lC01C0U311~%661CKl
5.aJw/v) 661K1100 KI317851O31O1CKI46 2877103 0981mlm
7.5%(w/v) 2 3 3 3 5 3 0 3 1 4 0 0 2 5 7 0 25 77 0 7 3 6 6 5 0
lo2(w/v) 23 14 18 0 12 0 0 0 0 0 0 4 2 1 0 3 1 4 6 2 3 3 8
l%(w/v) 0 0 6 0 4 0 0 0 0 0  0000ooo

Carbohydrates uti 1 ized
L-Arabinose  4 0 8 0 0 0 0 0 0 1 5 0 0 0 0 5 0 83
D-Ribose 9 0 1 0 0 1 4 0 010384 0 0 0 0 3 050
D-xyl ose 3 3 8 3 8 0 7 0 0 0 0 0 0 0 0 0 8 0 0 75
G-Fructose 46645 0 0 0 0 0 1 0 3 1 0 3 0 0 0 0 5 8 3 3 1 0 3
D-&lactose 46678 0 3 0 0 0 0103 0 0 0 0 59 0 33
D-Glucose 8 1 8 9 6 8 2 5 1 4 0 5 0 0 1 0 3 1 0 0 0 2 55 0 9 4 6 6 1 0 3
D-Mnnose o 0 5 8 0 3 0 0 050100 0 0 0 0 1 0 66
L-%rMse 0 0 0 0 0 0 0 0 0  0 0 011 0 0 0 0
Salicin 0 3 0 0 0 01125103 0 2 0 0 1 0 0
Cell cbiose l:lm o 0 0 0 0 0 0 7 0 1 1 2 2 084331CKI
Lactose 0 0 0 0 0 0 0 0 0 0 2 0  0 1 3 3 0
Pal t.ose 2: 0 76 0 2 1 0 0 0 1 0 3 1 0 3 0 0 1 1 0 2 0 lal
Sucrose 91145 0 3 0 0 0 0 0 0 0 0 0 0 0 KU
Trehalose o 0 0 0 0 0 0 075 0 0 2 0 0 1 0 103
Raff i nose 0 0 0 0 0 0 0 0 0 0  00000 0 91
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Alcohols utilized
l-Butanol 0 0 0 0 0 0
Ethnol 5 0 0 0 0 0
l-Prrpanol 4 0 0 0 0 0
1,2 Propamdiol O 0 0 0 0 0
Glycerol 95 lm 5 0 0 0
D-Arabit.ol 6 6 4 4 0 0 0 0
D-M3nnitol 66 66 0 0 0 0
D-Sotiitol 76 22 0 0 0 0
rreso-Inositol 477 0 0 0 0

Carboxyl ic acids utilized
Acetic acid 85 8!3 0 0 0 0
Butyric acid 7677 0 0 0 0
Caprmic acid 7644 0 0 0 0
Cap~l ic acid 100 103 0 0 0 0
Laurie acid 1422 0 0 0 0
Propionic acid 81 33 1 0 0 0
Valerie acid O 33 0 0 0 0
Glutaric  acid 95 103 13 0 0 0
Fhlonic acid 71 103 0 0 0 0
Succinic acicKl O 0 0 0 0 0
Fumric acid 95 55 16 0 3 28
Itaconic acid 9 0 0 0 0 0
DL-Glyceric
acid 2888 0 0 0 0

j3-Hydroxybuty-
ric acid 958!3 o 0 0 0

DL-Lactic acid O O O O O J
L(+) -Tartaric

acid 0 0 0 0 0 14
Citric acid 8544 2 0 0 0
2-KetOgluconic
acid 0 0 0 0

Pyruvic acid 10! 1; 6 0 0 2 8
2-KetOglutaric
acid 103 103 0 0 0 0

mhydrmxybenzoi c
‘acid 76 0 0 0 0 0
~-hydruxyberzoic
acid 9 0 1 0 3 0 0 0 0

Galactu}mnic
acid 4 0 3 0 0 0

D-Gluccmic  acid O 0 0 0 0 0

Anino acids utilized
L-Al anine 85
Ami ncbutyric
acid 81

L-Arginine
L-Asparagine :
L-Aspartic acid 33
L-Cysteine 42
L-Cyst ine 28
Glyci ne o

6 6 0 0 0 0

lmoooo
5 5 3 1 0 0 0

0 0 0
ii 0 1 7 0
4 4 0 0 0 0
5 5 0 0 0 0
0 0 0 0 0

011 0 0 0 0 7 7 0 0 0 33
0 0 0 0 0 0 0 0 0 0  0
0 0 0 0 0 0 0 0 5 0 25

0 0 0 0 0 3 3 0 2 6 6 8 3
2: 0 103 la) 0 8 1 1 0 8 3 3 3 1 6
0 0 0 0 0 0 0 037 0 0
0 025 7 0 0 Oomlcoo
o 0 0 0 0 0 0 0 2 8 0 0
0 0 0 0 0 0 0 0 6 7 0 0

0 11 25 00011421~ 103103
00001401C02864KII 83
0000001~28831~ 83
Owooool(llloolcolm 103
0 0 0 0 0 0 3 3 1 4 2 2 0 41
0 1 1 0 0 0 0 4 4 2 8 6 7  KKIKXI
011 0 0 0 0 103 14 36 33 9i
0331mlmo 044421C131C 033
o 0 0 0 0 0 11 0 77 33 41
0 0 0 0 0 0 1 1 0 0 3 3 3 3
25 77 lCXI NXl O 0 5 5 8 5 9 8 1 0 3 5 8
0 0 0 0 0 0 0 0 1 0 33

0 Olcolooo 0 1 1 0 8 4 0 6 6

0 0 0 0 0 0 103 42 103 103 83
0 0 0 0 0 0 0 0 233 0

0 0 0 0 0 0 0 0 0 0 16
0 050103 0 0 0 0 42 66 16

0 0 0 0 0 0 0 0 0 0 16
103 103 103 15 oo881mwla)lm

O 62 25 0 0 0 4 4 8 5 9 6 1 0 3 8 3

0 0 0 0 0 0 0 0 15 103 lm

o 11 0 0 0 2 11 0 100 lm 103

0 0 0 0 0 0 0 0 0 0 8
0 0 0 6 9 0 2 1 1 0 2 0 16

0 lCO 25 0 0 0 0NX192KO0

0 9 0 0 0 0 0 0 1 0 3 9 5 5 0 8
0 0 0 0 0 0 0 0 5 0 0 33
0 4 0 0 0 0 0 0 1 4 1 2 5 0 5 0
0 9 0 2 5 9 2 0 0 0 la) 39 lCO 50
0 1 0 0 0 0 0 2 2 0 45 100 16
0 0 0 0 0 011 0 6 0 3 3
0 0 0 0 0 0 0 0 1 0  0
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L-Leucine 0 0 0 0 0 0 0 0  000 0 22 0 1 050
L-Isoleucine  O 0 0 0 0 0 0 0 0 0 0 055C1 O 66
L-Mhionirw  O 0 0 0 0 0 0 0 0 0 0 0 0
L41mithine 575503 3 0 0 0 0 0 0 0 0 0:7:$;
L-Phenylalanine  O O 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0
L-PrrIl ine 42 55 0 c! o 0 01050 0 0 0 2 2 2 8 7 0 0 16
L-Seri ne 93 22 0 0 0 0 0 5 9 0 0 0 0 0 5 0 3 0 9 1
L-Thremine  81 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 3 8
L-Tryptophan  71 0 0 0 0 0 0 0 0 0 0  0 0 0 1 2 1 0 0 0
L-Tyrmine  66 0 0 0 3 0 0 0 0 0 0 0 11 0 1 0 1 0 3 0
L-Val ineO 0 0 0 0 0 0 0 0 0  0 0 014 0 0 0 0

Mines uti 1 izd
Hi stami re 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
N-Acetyl  gl ucos-

amine 42 0 1 Oooolllmlcoo 014 0 1 0 0

The following substrates were not utilized by any cluster: L-rhamnose,
2-propanol,  dulcitol, phenol, 2-phenylethanol, benzoic acid, ascorbic acid,
o-hydroxybenzoic acid, stearic acid, L-lysine, a-amylamine, ethanolamine,
putrescine, guanine, thymine, n-hexadecane, n-pentadecane, n-phenyldecane,
pristane, pentadecyclohexane.

All isolates were facultative  anaerobes.
*The “percentage positive” calculations do not include missing data, so

for some tests the product of the feature frequency and the total number of
organisms in the cluster is not an integral number.
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Table 9. Growth factor requirtrnmts of duninant cl ustm of bacterial populations isolatd at 4 and
20”C

Cluster 1 2 3
No. of strains 21 9 2

GruvVI factor:
Type 1 .-
TF 2 + + +
Type 3 - -
Type 4 - -

Cluster 2 3
No. of strains ;27

Grm+J factor:
Type 1 - -
Type 2 -.
Type 3 +-
Type 4 +-+

4°C isolates: L series

4 5 6 7 8 9
6 0 4 2 8 7 2 4

+--- + +
* ~ ‘+--

ww - - -

20”c isolates: H series

4
~. 6 7 8 9

3 6 9 7 8 0 3 2

+++++
+-----

10
10

+

10
12

+

11
6

+

11
2

+

12
13

+

12
2

+

13 14
2 2

+
+ -

13
2

+

+, >Wi Pf.2sitjve; i, 51-79% positive; w, 21-50% positive; -,dl%positive.
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probabilistic identification matrices. The Beaufort Sea isolates are not

identical with the common Gram-negative rods (some of which are from marine

sources) contained in the matrices.

Of the 27 phenotypic clusters, 22 could be placed into seven categories:

1. Gram-negative rods producing yellow or orange pigments (clusters L3,

L4, L6, Hl, H2, H3, H4, H5, H13). According to the 8th edition of Bergey’s

Manual (Buchanan and Gibbons, 1974), Gram-negative, facultatively anaerobic

rods, motile or non-motile, producing yellow, orange, red or brown pigments are

classified in the genus Flavobacterium. This definition is vague and

encompasses a heterogeneous collection of bacteria, e.g. it could include

yellow-pigmented members of the Enterobacteriaceae. There were morphological,

physiological, biochemical and nutritional differences between the

Flavobacterium  type strains in Bergey’s Manual and our isolates. Many of our

strains showed pleomorphism  characteristic of Cytophaga species; however, no

swarming was observed. The distinction between Flavobacterium  and Cytophacja

may be difficult (Hayes, 1963; Weeks, 1969; Hendrie et al., 1968). Several

studies have attempted to clarify the taxonomy of yellow-pigmented Gram-

negative bacteria (Goodfellow  et al., 1976; Floodgate and Hayes, 1963).

Clearly this group of organisms is quite heterogeneous.

2. Gram-negative bacteria forming full or partial rings (clusters L5, ti6,

H9). These organisms are morphologically similar to members of the genus

Microcyclus,  which is heterogeneous (Claus et al., 1968; Raj, 1977) and of

uncertain affiliation (Buchanan and Gibbons, 1974). Our strains have different

physiological and nutritional characteristics from previsouly  describes

species. Unlike Microcyclus marinus and several non-marine Microcyclus species
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(Raj, 1977), our strains grew at5°C and did not produce acids from

carbohydrates.

3. Gram-negative, non-p igmented, fermentative, facultatively anaerobic,

curved or straight rods (clusters L7, L8). The morphological and biochemical

characteristics of these organisms closely resembled those of Vibrio species

(Davis and Park, 1962) or Beneckea species (Baumann et al., 1971). All of the

clusted organisms in this category were obligate psychrophiles. They had more

complex growth requirements than the psychrophilic Vibrio marinus (Colwell  and

Morita, 1964) isolated from the North Pacific Ocean (Morita  and Haight, 1964).

4. Gram-negative, non-pigmented, weakly fermentative, facultatively

artaerobic, highly pleomorphic  rods (clusters Ll, L2, H7, H8). This category of

clusters has not been identified with any genus described in Bergey’s Manual.

These non-motile organisms could be associated with several different genera.

5. Gram-negative, non-pigmented, non-fermentative, aerobic rods (cluster

L1O). This category has not been identified. These organisms reduce nitrate

and are probably capable of anaerobic respiration. Phenotypically,  they could

belong to the genera Pseudomonas, Alcaligenes or Alteromonas (Baumann et al.,

1972). With no observed motility and without flagella determination, the

distinction is not clear.

6. Non-acid fast, coryneform bacteria showing rudimentary branching and

snapp ing division (cluster HIO). The coryneform bacteria may be Arthrobacter

species even though they appeared to be Gram-negative. Indeed, many

Arthrobacter  species fail to appear Gram-positive (Mulder, 1964). Coccoid

forms of these organisms and morphogenesis  typcial of Arthrobacter  were

observed.

7. Gram-negative coccobacilli (clusters Hll, H12). By the criteria of

Baumann et al. (1968), the strains in cluster H12 appear to be Acinetobacter——
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species. Cluster till is not closely related phenotypically  and remains

unidentified. Organisms in cluster H12 were oxidase-negative, did not require

growth factors and utilized many substrates including hydrocarbons.

Hydrocarbon utilization by Acinetobacter has been reported by Finnerty et al.——

(1973).

Characteristics and identification of Northeast Gulf of Alaska isolates

Twenty-four clusters containing three or more strains were found at the

70% similarity level in the combined cluster analysis (performed after

elimination of organisms that formed single-membered clusters in the four

individual subset analyses) of isolates from the Northeast Gulf of Alaska.

Seventeen clusters containing four or more isolates were considered to be major

clusters. The largest cluster (E21) contained nearly equal numbers of isolates

from water and sediment, all of which were isolated at 20°C. Nine of the

clusters contained strains from multiple sampling sites (Table 10), but

generally the clusters did not contain strains isolated at different

temperatures nor from both water and sediment samples. Indeed, only 12% of the

clusters contained strains isolated both from water and from sediment.

Clusters E4, E5, E6, E7, E8, E1O, En, E15, E16, E18, E19, E20, E22, E23 and

E24 only contained isolates from plates incubated at 5“C, and clusters El, E3,

E9, E12, E14, E17 and E21 only contained isolates from plates incubated at

20°c.

The feature frequencies of the 17 major clusters are shown in Table 11.

Most of the organisms grew within the range of temperatures and salt

concentrations normally found in the sampling region. Strains in clusters E8,

E9, E1O, En, E12, E13, E14, E15, E16, E17, E18, E19, E20, E21, E22 and E23 did

not require growth factors; those in E6, E7 and E24 required vitamins; those
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Table 10. Sources of isolates in each cluster shwn as the percentage isolated fmn each of the 15
sampling stations in the Northeast hlf of Alaska.

Cluster
No. of strains

Station
1
4
7

:

$
52
53
57
5s
A
D
E
F

El E2E3E4 E5 E6 E7E8E9E1OE11 E12E13E14E15E16  E17 E18E19E20E21 E22 E23E24
3 1 8 9 3 3 1 1 4 3 1 0 2 9 3 3 3 7 1 1  6 3 5 4 6 5 9 1 6 9 4

-11 - 6 7 - - - - - -  ltXl - 8 2 7  - - - - - -  2 1 - - -
-  1 1  - - -  9 - - - - - - - -  lm - - -  3 3 - - - - -
- - - -  - - - -  1 0 0  - - - - - - - - - -  - 1 5  - - -
- - - -  - - - -  - - - -  - - - -  - - -  .
-  2 2 - - - 5 5 - - - 1 4 - - 1 4 - -  --lUl- -::::
- 1 1 - - - - - - - - - - 1 9 -  - - - - -  lC139 - - -
- - - - - l a )  - - - - - - -  5 - - -  - - - - - - - -
-  6  - - -  1 8 - - - - - - -1(Y.I- 67-231031CXl -
-  6  - - - - - - - - - - i :  :  - - - - - l - - -
- 6 - - - 1 8 - - - 3 8 - - 3 0 -  - - - - - -  l - - -
- - - -  - - - -  - - - - -  7 3  - - - - - - - - - -
- 1 7 1 0 0 3 3 - - - - - - - 6 7 3 -  -lCO - - - - 2 1 - - -
- - - -  . -  1 0 3  - -  7  - 3 3 - - - - - -  - - - - - -
-  1 1 - - - - - - - 4 1 - - - 100
lm------lm----li:  :  : : : : : : : - -
—— .—. —.. .. —.— —— . ——
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recovered in E3, E4 and E5 required yeast extract plus casamino acids; while

those in El and E2 grew only on complex media.

None of the isolates formed defined clusters with the reference strains

nor were any identified using the NIH/ATCC probabilistic identification

matrices.

Based on the features shown in Table 11, six categories of the major

clusters can be described:

1. Gram-negative, non-motile rods-coccobacilli  often occurring as pairs

(clusters E18 to E24). The morphological and metabolic features of the

organisms closely resembled those of the Acinetobacter-Moraxella  group as

described in Bergey’s  Manual of Determinative Bacteriologyy (Lautrop, 1974).

The genera Acinetobacter and Moraxella are distinguished by the oxidase test,

strains of the former being negative while those of the latter are positive

(Baumann et al., 1968; Lautrop, 1974). Additionally, strains of the genus——

Acinetobacter utilize carbohydrates, may form acid from sugar and are sensitive

to penicillin (Lautrop, 1974; Thornley, 1967; Shewan, 1971). In the present

study, strains in cluster E23 meet all the above characteristics of the genus

Acinetobacter and strains in cluster E20 all those of Moraxella.  The other

clusters (E18, E19, E21, E22 and E24) represent intermediate cases which could

be classified as either Acinetobacter or Moraxella  depending on which of the

above criteria were used.

2. Gram-negative, motile, oxidase-positive, fermentative, curved or

straight rods (clusters E1O, E13, E14 and E15). Members of these clusters

resembled strains classified in the genera Aeromonas,  Beneckea and Vibrio; the

distinction between these taxa is not clear (Baumann et al., 1971).

3. Gram-negative, non-motile rods producing yellow, orange or brown

pigments (clusters E2, E7 and E17). According to the taxonomic keys in
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Table 11. Feature frequencies of selected characteristics of ~“or cl ustws of bacterial popl ations
isolated frun the Northeast Gulf of Alaska*

Cluster E2 E3 E6 E7 E9 E1O E13 E14 E15 E17 E18 E19 E20 E21 E22 E23 E24
No. of strains 18 9 11 4 1 0 2 9 3 7 1 1 6 5 4 6 591 6 9 4

cell m@ology
Sperical 0 7 7 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0
Rod-shaped 100100100 lCD1(XI 1CO971CXI1CO lalooooooo
Cured axis O 0 0 0 0 0 8 0 1 0 0 0 0 0  0 0 0 0
cocco- 0 0 0 0 0 0 2 0 0 o103651mlm&771m
bacillaty
Plecm@ic 077 0 0 0 051 0 0 0 0 0 0 0 0 0 0

Cell length
Q“Opm 9901ml(Kl O 103 82 100 100 103 1(II NM 103 103 103 1~ 103
<“@m 0 1 0 0 0 0 100 0 1 8 0 0 0 0 0 0 0 0  0 0

Cells width
0“5-l”Opm 1~ 103 1(XI 10J 1~ XXI 89 103 1(KI 10) 0 1 6 0 5 1 6 3 3 0
1“1-2”qnll o 0 0 0 0 0 1 0 0 0 0 1 0 3  8 3 1 0 3 9 4 8 3 6 6 1 0 2

Cel 1 arrangmnt
Single lmlmlmla )lmlmlmlmloolm  0 0 0 0 3 3 1 1 0
cel 1s
Paim 0 0 0 0 0 0 0 0 0 0  lcolccl lmlcKJ66f!81m

Niscel laneous
cel 1 features

Endospms
produced 0 0 0 0 1 0 3 0 0 0 0 0 0 0 0 0 0 0  0

PHB inclusions 0 0 0 0 103 2 1 8 0 0 0 0 0 0 0 0  0
Capsulf ;O -0-00
Sudan black i O 10 13 27 Oiiiiiigb ii
Grampositive ; 1:0010300000 0 0 0 0 0 0 0
Granwegative 103 0 103 100 0 la) la) 102 102 103 103 102 NO la) lal 100 lm
Pbtile Olcoo Olmlmlmlallaloooo 0 0 0 0

Colony pigmentation
Non-dif -
fusible pink o 103 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
M4iffus-
ible brwn 0 0 0 0 0 0 5 0 020 0 0 0 0 0 0 0
Mndiffus-
ibleyellw 94 0 0 1 0 3 0 0 0 0 0 2 0 0 0  0 0 0 0 0
Mmdiffus-
ible orange 5 0 0 0 0 0 0 0 0  6 0 0 0 0 0 0 0 0
Mite 0 0 0 0 0 0 0 01030 0 1 0 3 4 0 0 103 lCKI 100
Grey
(nopignmt) 00 1 0 3 0 1 0 0 1 0 3 9 1 1 0 1  O O 1 O O O 6 O 1 C K I O O O

Colony size
<lrml 0 0 0 0 0 0 0 0 0 0  001000
lam :: 22 0 2 5 2 0 6 8 0 1 6 8 4 3 5 0 1 6 6 0  !33160 o
2-&nn 5 7 7 1 0 3 7 5 8 0 9 3 9 1 1 0 3 8 3  2 0 5 0 8 3 4 0 4 0 8 3 1 0 3 1 0 0
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Colony nmphology
Translucent O
Transparent O
~tue lCQ

Raisd 2!
lhbonate 5
Convex 72
Mimid 88

0 27 25 0586754 020 0 0 0 1 0 0 25
0 0 0 1 0 4 1 1 8 4 5 0 0 0 0 0 0 0 0 0

10I 72 75 90 0 13 oloo&llm lcQ103!X 10110375
0 0 0 0 8 0 0 0 0  0 0 0 0 0 0

li KM 102 103 1(KI 91 1(KI 103 IXl 10) lm 102 103 103 103 100
0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0
0 0 0 0 0 0 0 0 ’  2 0 0 0  0 0 0 0 0
0 0 0 0 0 0 0 0 4 0 0 0 0 1 0 0 0

Acid fmn
D-Ribose 17 1C13 18 25 100 079401m20501C0 o 73 103 lm lm
D-Fructose 6 50 0 5 0 9 3 0 9 4 6 3 8 3 0 5 0 0  039831(111~
Cel lcboise 5 66 0 5 0 8 0 8 3 7 2 8 0 1 6 01C0502067101031~
Lactose 7 4 4 0 2 5 6 0 7 6 3 3 1 U I  1 6  O 7 5 1 O 3 O 5 1 1 O 3 E B 1 O 3
Sucrose 6 0 0 5 0 7 0 4 1 7 2 3 7 3 3 0 5 5 04012331mo
D-hnritol 0 0 9 05084851m83 O 5 O 1 6 2 O 3 5 6 6 K I 3 1 O 3
D-G1 ucose
(aerobic) O 44 oloolc13%lmlm66 0 5 0 1 0 3 0 4 5 5 0 8 8 1 0 3
D-G1 ucose
(fernmtative)  O 100 05G1(K) 411( K)1(K)1O2M o 33 07333221m

Miscel 1 aneous features
Indole 0 0 0 OXI 069 9 33 0 0 0 0 2 4 4 0 5 5 0
Ann3nia
produced 0 2 5 0 01CX1479563252025 0 0 6 3  - - 0
rJitrate
reduced 625600W 8 103 033201Ul lCKIl~991~lCI125

r!i trite
reduced 1455 0 060 6 2 0 0 0 0 0 0 1 3 0 0 75

Gelatin hydr-
olysis 44 75 O 1 ( K I I O O  1 O 3 8 6 1 C K I 1 O 3 O O  0 2 0 9 0 0 0
Starch hydro-
lysis 66 0 0 25 100 31Kl 9 0 0 016 0 2 0 0 25
Twen 20
hydrolysis 29 11 102 103 60 82 XXI lCO 1(KI 103 0 lal 100 97 102 103 Ml
Twen 82
hydml ysis 33 0 103 25 0 7 9 9 7 8 1 3 3 8 0 O1O31CO56838!31OO
Wmmlysis
Shql bl d oloo - - l m - 0 7 2  - 0 - - - 0 - -  -
L-Arginine
de~rboxyl ase 62 103 27 50 93 8 69 0 1 0 3 8 0 5 3 - 1 0 3 5 2 1 0 3 3 3 0

L-Lysine
decart)oxylase  20 33 27 0 66 0 1 3 0 02025 0 0 8 0 0 0

L-Omi thi ne
decarboxylase  17 22 0 0 40 0 5 0 0 5 0 2 5 1 6 0 9 0 0 0
Alkaline phos-
phatase 92 83 lCO 100 10I 82 97 100 103 0 103 lm 100 100 103 lMI

Urease 0 0 0 0 0 0 0 0 0 i 0 1 6 0 0 3 3 2 2 0
Catdlase 83 10) olmlmla197901mlmlm lmlrx)lmloolmlm
Oxidase 44 la) 103 0401031m lalloo601m 83100 9 8 6 6 0 75

pH:grwth at
pH5 0 0 0 0 0 0 0 0 0 0 0 0 0 7 0 0 0
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w 0 1 0 0 0 oloo48641mlm 407581 o 97 lm la) lm
M 88 la) la) 100 100 lal 100 100 la) la) lm 103 103 103 103 103 103
w 33 100 100 100 100 100 100 lCKI lCO 103 la) 103 100 103 lCQ 103 lCO
@no 0 03J550 7O1CXI83361OO1CKI 1001031(K) 651031tlll(KI

Tapmture:grrwth  at
5°c 94 lm lm lal lm 100 97 100 103 lCXI 103 103 100 103 102 100 103

20”C 83 100 103 la) lm 103 103 lCO lm lm 100 lCO 100 103 103 103 103
25°C 61 100 0 103 lCO 100 100 lm 100 lm lm 102 102 100 100 103 103
37°C OICII o 0 3 0 0 0601031( X)KKIIC XI1CO1O31O31CO

NaCl :grwth at
o.5%(w/v) o 102 olmloolcx) 481001tKlloolm 103 KKllmlmlmlw
5. G7i(w/v) 01(X1541(M l(X1102891CXll~ 103 l~lCO1tXl l~lC01031tXl
7.!%(w/v) OUXIOKKIICKIICQ 5 Ml 103 103 103 103 103 103 1(XI 103 103
lo.02(w/v) 08!30 Olmlooolmomlmla)lm 1CI31031(I31M
15. OZ(w/v) o 0 0 0103 0 0 0 0 0 0 0 046 0 0 0

Carbohydmtes  uti 1 ized
L-Arabinose  O 0 0 0 0 6 0 91031moo 024 0 0 0
O-Ribose o 0 0 0103 39727331U1500 0 2 4 1 0 3 0 0
D-Xylose 0 0 0 1 0 2 1 C 0  3 1 1 6 7 2 1 O 3 1 O O O O 0 1 4 1 0 3 0 0
L-Rhatmose 0 0 0 0 0 0 0 0 0 1 0 3  0 0 0 1 5 0 0 0
D-Fmctose 00050100961(l1631(XIl~  1(K166 o191moo
D-Gal actose O 045500791CIl lC010310350 16 0 2 9 5 0 0 0
D-G1 ucose 50721031~48971031~  lUI 1 0 0 1 0 3  O 1 9 3 3 1 C O O
O-hbnnose 0001031CKI OltK)721021~ 0 0 0 2 3 3 3 0 0
L-Sorbose 0 0 0 0 0 1 0 3 2 3 6 0401011a160148300
SaIicin 0000010451801~ 0 1 6 0 7 8 3 0 2 5
Cel lobiose 00000416293161CXI 0 0 0 1 7 5 0 0 0
Lactose o 01850 0 10 51m661a)oo 014 0 0 0
Wl We o - K K I 1 C X I 1 0 3 4 4 W 0 5 0 1 0 3 0 0 0 5 1 6 0 0
Sucrose 0 5 0 1  CQ137518161CJ30 O 0 2 3 1 6 6 6 0
TrePnlose ; :0 0 1 0 3 0 8 8 9 1 0 3 - 0 0 0 1 5 1 6 0 0
Raf f i nose 0 0 0 0 0 0 2 36 Olmoo 019 0 0 0

Alcohols utilized
l+lltanol  - - - - ‘ - - - - ‘ --- - - - ‘ - - - ‘
Ethanol
l-Propanol
2-Prqmol
D(-) -l,2-Pn)-

pawdiol
Glycerol
D-Arabitol
Dulcitol
D~+anni@l
D-Sorbitol
rmxo-hositol
Phenol
2-Phenyl

ethanol

UUUXJUUU Olmoo 027 0 0 0
:00000 5630WO0 014 0 0 0
0 0 0 0 0 0 1 6 8 1 1 6 6 0 0 0 033 0 0 0
0 0 0 0 0 0 2 3 6 01000001000

0 0 0 0 0 0 0 9 0 1 0 3 0 0 018 0 0 0
0 0 0 100 103 0 lm 0 1 0 3 1 0 3 0 0 0 8 3 3 0 0
0 0 0 0 0 0 8 91CCI1O3 o 0 0 3 0 0 0
0 0 0 0 0 0 5 0 OICO o 0 0 0 0 5 5 0
5 0 01001039697100 1O!IKKIOO o 5 3 3 0 0
0 0 0 1 0 0 1 0 0, 18 0 0 la) 0 0 0 3 0 0 0
0 0 0 0 0 078 0 0100 0 0 0 2 3 3 0 0
0 00000090NX0 o 0 2 0 0 0

Ooooooooolm 0 0 0 0 0 0 0
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Catixyl ic acids utilized
Acetic acid O 0 0 0 103 O 5 4 1 M 6 6 1 O 3 O 1 6 4 O 8 1 0 1 0 0 0
ilutyric acid O 0 00100021451CIl l~050 0 9 7 5 0 7 7 0
Caproic acid O 0 0 O 1 O O 1 3 W 7 2 1 ( X ) 1 O 3 O O o lCQ 0 1 1 0
Capryl ic acid 0 0 0 0 1 ( X ) 0 7 3 1 C  X I 1 C X I 1 O O O O o 92 0 0 0
Laurie acid O 0 0 0 0 013 0 Olm o 0 0 7 1 6 6 6 0
Propionic  a c i d  O - 0 0 - 1 7  O - l C 1 3 - O O O - 0 0 0
Valerie acid O 33 0 0 1 0 0 0 6 4 7 2 1 0 3 1 0 0 0 01C06466550
Glutaric acid O 0 0 0 0 018 00103 0 0 0 8 3 0 0 0
Malonic acid O 0 0 0 0 0 063 O1(XI O 0 0 4 0 0 0
Succinic  acid O - 0 0 - 5 1 8 5  -lCC) - 0 0 0 - 8 3  0 0
Oleic acid O 0 0 0 0 0 018 0 100 0 0 0 0 0 0 0
Fmeric acid O 0 9o10010971mla)lm 0 6 5 4 0 6 4 3 3 7 7 0
Itaconic acid O 0 0 0 0 0 5 0 0 1 0 3 0 0 0  3 0 0 0
DL+lyceric  acid O 0 - - la) -1CD36-l(XI  ---18- - -
~Hydroxybutyric

acid 0 0 O O O O 1 3 2 7 1 ( X ) 1 O O O O  0 6 0 0 0 0
DL-Lactic  acid O 0 0 0 0 01G0271(II M3375UIC0821(II 5 5 0
L(+) -Ta~ric

acid 0 0 0 0 034 0 9 0 lCO o 33 0 3 4 5 0 7 7 1 0 3
Citric acid O 0 0 01~139118103103501C0 0 3 5 5 0 0 0
2-Ketcgl uconic

acid 0 0 0 01CK1825 o lCKI 10 0 103 0 2 4 3 3 0 0
Pymvic acid O 0 901 031CK1831C O1CO1M5O83 6olmla) 440
2-Ketogl utaric

acid 0 0 0 01CK17556721031CII 1O3NXI6O 20331030
8enzoic acid O 0 0 0 0 0 1 3 0 0000065331tI10
m-Hydrmxyben-

zoic ?cid 0 0 0 0 0 0 0 Oolfx)o 0 0 3 0 0 0
p-Hydroxyben-

zoic acid 0 0 0 0 0 0 2 083100 0 0 0 454) o 0
Ascorbic acid O 0 0 0 0581636 0 0 0 0 0 6 011 0
Galacturonic

acid 0 0 0 5 0 0 0 5 0103102 0 0 0 9 0 0 0
D-Gluconic  acid O 0 0 0 la) 41 2 1 8 1 0 1 4 0 5 0 6 6 0 2 5 1 6 0 0
o-Hydmx@en-

zoic acid 0 0 0 010 0 2 0 0 1 0 3 1 0 3 3 3 6 0 2 2 6 6 2 2 0
Stearic acid O 0 0 0 0 0 0 0 0  KXIOO 0 3 0 0 0

Anino acids utilized
L-AJanine o
y-krincbutyri  c

acid o
L-Argi ni ne o
L-kparagine O
L-Aspartic acid O
L-Cysteine o
L-Cyst ine o
L-Glutamic acid O
Glyci ne o
L-Leucine o
L-Isolwcine  O
L-Lysine o
L-Pkthionine  O

0 0 0 024671(Xll~lC000 078 0 0 0

OGOOO 2181C01~ 083 O 82 0 7 7 0
0 0 0 70 0 6 4 3 6 1 0 3 6 0 0 0 6 0 5 3 3 3 0 0
0 0 0 0 364!331034 O1(KJKXI6O72  1C131CXI0

11 0 lm 100 0831allCKllaloo O 3 5 W 1 1 O
o - 3 7 8 1 - l ( K I -
0 i ;;08 OolcolCO&&%b lb;
0 0 0 6 0 5 8 9 7 6 3 1 0 0 1 0 3 0 0 0 4 2 6 6 2 2 2 5
0 0 0 0 07263 0 0 0 0 0 6 3 3 0 0
0 0 0 0 3 8 0 1 0 3 1 0 3 0 0 0 7 6 8 3 0 0
027 0 0 0 2541m&l 0 6 6 6 0 1 4 5 0 2 2 0
0 0 0 0 0123633 0 0666080 0 0 0
0 0 0 0 0 5 2 7 0 2 0 0 0 027 0 0 0
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L-Omithine  O 0 0 0 lCQ O 78 9 6 6 1 0 0 0 1 0 3 4 0 5 3 3 3 0 0
L-Phenylalanine O 0 0 0 0 0 1 0 7 2 1 6 6 0 0 0 0 8 2 5 0 3 3 0
L-Prol  ine 0 0 0 0 100 0 100 81 1~ 100 0 0 4 0 9 3 8 3 1 1 0
L-Serine 0 0 0 0 2 0 1 0 8 3 8 1 5 0 1 0 3 0 00 E0OOO
L-lhmniw O 0 0 0 0 0972 0 1 0 0 0 0 0 5 0 0 0
L-Tryptophan 0 0 0 0 0 0 2 5 4 0 4 0  0 0 0 3 0 0 1 1 0
L-Tyrosine O 0 0 0 0 01463 080 0 0 0 1 0 3 Olmo
L-Valine 0 0 0 0 0 0 0 27 0 6 0 0 0 0 9 0 0 0

Mines utilized
Histamine 0 0 0 0 0 0 0 63 0100 0 0 014 0 0 0
Putrwcine O 0 0 0 0 0 0 0103 0 016 0 016 0 0
N-Acetylglucos-. 005401(l1094361m80  0 0 0 1 7 5 0 0 2 5
b:”: 0 0 0 0 0 0 0 3 6 0 1 0 0  0 0 0 4 0 0 0
Th~”ne 0 0 0 0 0 0 2 1 8 0 1 0 3  0 0 0 8 0 0 0

Hydrwarbons  utilized
n+iexackane  O 0 0 0 0 0 5 0 0 1 0 0 0 0 0 9 0 0 0
2-Wthyl naph-

thalene 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
d%enyldecane O 0 0 0 0 0 0 0 0 1 0 3 0 0 0 0 0 0 0
Pri stane 0 0 0 0 0 0 0 0 0 103 0 0 0 2 0 6 0
Pentad~yl  -

cyclohexane  O 0 0 0 0 0 2 901CKIO0 0 4 0 0 0

* The foll~”ng features WW lCKI% psitive for all strains: rounded erds, entire colonies,
glistening colonies, snmth colonies, smoth colonies, facultitive anaedws, grcwthat ~7, grwth
at 10”C, grwth at 15”C, and gwth at 3% NaC1.
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Bergey’s Manual of Determinative Bacteriology (Weeks, 1974), these strains are

included in the genus Flavobacterium,  a heterogeneous genus defined primarily

on pigment production and failure to show ‘unusual’ characteristics such as

ring formation or plant pathogenicity  which would place the organisms in genera

such as Microcyclus  and Xanthomonas.

4. Gram-negative, non-motile, non-fermentative, oxidase-positive,

catalase-negative  rods which are not actively proteolytic in gelatin media

(E6). These strains resembled non-motile strains of Alcal i genes except for the

catalase test results (Holding and Shewan, 1974).

5. Gram-positive, motile rods producing pink colonies and spherical

bodies in older cultures (E3). The morphogenesis of these strains is

representative of coryneform bacteria (e.g. Arthrobacter) which also exhibit a

morphological cycle (Bousfield, 1978; Mulder, 1964; Keddie, 1974, 1978).

6. Gram-positive-Gram-variable, motile, large rods forming endospores  and

growing aerobically (E9). The strains in this cluster clearly belong in the

genus Bacillus (Gordon et al., 1973). The endospores were oval, terminal or

subterminal and did not distend the sporangium. According to the keys of

Gordon et al. (1973), strains occurring in this cluster are assigned to the——

Group I Bacillus species. The strains exhibited denitrifying activities and

showed eurytolerance to physiological growth conditions, growing over a wide

range of pH values, salt concentrations and temperatures.

In addition to the organisms that formed defined major clusters, several

minor clusters showed characteristics of the genera Flavobacterium (strains in

E8 were Gram-negative, motile rods producing yellow pigments), Pseudomonas

(strains in E5 were Gram-negative , motile rods that grew only oxidatively)  and

Vibrio (strains in En, E12 and E16 were Gram-negative rods generally with a
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curved axis). Other clusters (El and E4) could not be associated with defined

genera.

Characteristics and identification of Northwest Gulf of Alaska isolate~

The bacterial populations in this region were quite diverse; only 12

clusters containing three or more members were found at the 70% similarity

level and of these only four contained five or more strains. The larger

clusters generally accommodated isolates from several locations (Table 12); the

two largest clusters contained a mixture of isolates from water and sediment

and from 5 and 20”C isolation temperatures. Only two of the clusters were

restricted to isolates from a single location.

The feature frequencies of the 12 clusters are shown in Table 13. Most

isolates were psychrotrophs capable of growth at 5 and 20”C, the normal

temperature range for the area sampled; all grew well at 3% NaCl concentrations

and several would not grow in the absence of added NaC1. Four of the clusters

(W6, W8, W9 and W1O) contained strains which exhibited complex nutritional

growth factor requirements; those of one cluster (hf7) required vitamins; but

those in the remainder showed no growth factor requirements (WI, W2, W3, W4,

W5, Wll and W12).

None of the reference strains were recovered within the 12 clusters and

none of the isolates were identified using the computer comparison with ATCC

strains. Based on the features shown in Table 13, seven categories of clusters

can be described, five of which show major characteristics of defined generic

groups:

1. Gram-negative, oxidase-positive, non-pigmented, fermentative, motile

rods (clusters W2 and W3). These organisms were similar to Beneckea species

(Baumann et al., 1971).



Table 12. Swces
sanpl ing stations

Cluster
No. of strains

Station
101
106
119
121
124
133
134
137
145
148
156
159

of
in

WI
4

2;
25

2;
25

isolates in each cluster shcwn
the Northest &lf of Alaska.

W2
3

33

33
33

M3
7

14

14
14

29

1;

14

W9
9

Wlo
4

103

isolated fran each of the 12

Wll
3

w12
3



Table 13. Feature f~uencies  of selected characteristics of mjor c1 usters of bacterial populations
isolated f run the Northeast Gulf of Alaska*

Cluster W1W2W3W4W5M5WM3W9 WowllW12
W. of strains 4 320 3 3 3 5 7 9 4 3 3

cell mqlt’mlqy
curved-axis 5 0 0 0 0 3 3 0 6 0 5 7 0 0  661m
Plemor@ic o 0 0 0 0 2 0 1 4 0 0 0 0
Rounded ends 1; 1(KI 94 lCO 100 103 100 71 103 103 103 lCO
Square ends O 0 5 0 0 0 028 0 0 0 0

Cel 1 length
o.5-l.QJm 0 1 0 0 0 0 2 0 0 1 0 0 0 0 103
1.1-2.qlm 7: 33 78 103 66 o&185 0 1 0 3 6 6 0
2.1-3.Opm 25 66 10 0331al Zll 1 4 0 0 3 3 0

Cells width
d.5prl 0 0 5 0 0 0 0 0 0 0 0 103
@“5-l”@m 1~ 1~ 89 100 lCO 103 103 lCQ 10) 103 103 0
1“1-2’@m 0 0 5 0 0 0 0 0 0 0 0 0

Miscellaneous
cel 1 featms

PtB inclusions O 0 5 0 066 042 0 0 0 0
capsule 2 5 3 3 1 5 3 3 3 3 3 3 4 0 5 7 1 0 3 1 0 0  0 0
Sudan black O 26 0 0 3 3 014 0 0 0 0
Gramegative 1; 103 10I 1(KI 1(II 1(KI 10 85 103 lCO 103 103
Wile 1 0 3 6 6 7 8 1 C D  1 O O 6 6 2 O 4 2 O  0 0 0

Colony pignmtation
Diffusible
yel 1 W 0 0 0 0 0 0 014 0 0 0 0
!4mdiffusible
violet 0 0 0 6 6 0 0 0 0 0 0 0 0

Ibndiffusible
yel 1 w o 010 0 0 0 0 0 100 100 103 103
Grey
(no picyent) 103 102 89 33 1(N 103 103 103 0 0 0 0

Colony size
<1.rml 0 0 0 0 0 0 0 0 2 2 1 0 0 0 0
l-alm 0 0 5 0 0 6 6 8 0 8 5 7 7 066103
2* 1031 03941(K) 103332. O14O 0330

Colony rmphol w
Translucent 50 103 89 0661mlm 710 o 1(KI 103
Transpa~nt 5 0 0 0 0 0 0 0 0 0 0 0 0
@aque o O 1 O K J 3 3 3 O 0281031moo
Enti~ 75 0 89 100 la) m 102 103 103 103 1(KI 103
Undulate 2510310 0 0 0 0 0 0 0 0 0
Raised l~UM633333661001000 o la) 100
LhbOnate o 0316666 0 0 0 0 0 0 0
Convex o 0 5 0 033 0 0102103 0 0
Mxoid 0 0 5 0 033 0 Ola)lca o 0
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Acid frun
D-Ribose o -925050 -50 0 0 0 0 0
D-Fructose -103945050 - 0 0 0 0 - -
Cell otoise o 0 2 2 0 0 - 6 0 0 0 0  - -
Lactose 0 0 1 0 0 0 - 6 6 oo - -
Sucrose 0 0 05033 - 0 ;o o--
D-tbnni @l olmwloo66-ooo o - 103
D-G1 ucose
(aetiic) 0 1 0 0 9 4 5 0 3 3 - 100 0 0 0 0 0
D-G1 ucose
(fennmtative)  54) 103 88 1(K) 66 0 1(XI O 0 25 66 0

Miscellaneous features
@ligate
aerche lm o
Facultative
anaerobe o 100
Incble o 33
IJnmnia
prcduced o 100

Nitrate
reduced 0 0

Nitrite
reduced 0 0

Stmch hydro-
lysis 0 103
Twen 20
hydrolysis 75 56
Twen 80
hydrolysis 103 66
L-Arginine
ckcarboxylase  O 33
L-Lysine
decabxylase O  G
L-Omitiine
decarboxyl ase O 0
Al kal ice phos-
phatase 103 103

CiItdl ase o 102
Oxidase 50 103

5 06650 0 0 0 0 0 3 3

95 1(KI 33 50 lCKI 103 103 1(KI lm 66
9 4 0 3 3  -ooooo -

9 4 1 0 0 6 6 - 0 016 0 0 -

95 103 66 0 1 0 3 6 6 7 5 5 0 0 0

0 5 0 0 0 0 1 6 0 0 0 0

931m 0660 o 75 75 - Ml

95 100 Olm 050 0 0 0 0

95 100 -103 0 0 0 0 - 0

65 0 0 0 1 0 3 8 3 2 5 5 0 5 0  -

0 0 0 06633 0 0 0 -

0 0 0 0 66 25 0 2 5 0  -

90501031a) lmloo71 - lm 1(M
103 50 100 O 8 I 8 5 3 3 7 5 1 C O 1 O O
103 100 100 lm lal 100 11 0 0 3 3

p7:grcwth at
pH6
w l;lWW1:l:l:l; : llJ1:
m 1031~Wl(X) lC01031a17111 2 5 0 0
PH1O 103 103 95 1(KI o 0 0 2 8 0 0 0 0

Tmperature:gti  at
5°C 103 lCO 103 la) - 103 lm 103 77 lCO 10J 100

20”C 1011031M 5O1(XI1O38O4Z1M 751C01CIJ
25°C o la) 103 0100 040 0 0 0 0 0
37°c o 010 0 0 020 0 0 - - -
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NaCl :gmwth at
o.5%(w/v)o 0 3 1 0 0 5 0 0 0 0 0 0 0 0 0
5. CW(w/v) 100 100 75 !3 Ml 01~ 4211000
7.5%(w/v) o 0 8 5 0 0 0 0 0 0 0 0  0

Cart)otydmtes uti 1 iZed
D-Ribose 0 0
D-Fructose o 103
D-&lactose o 103
D-Glucose 1~ ~~
D-Mmnose o m
L-%tise 0 6 6
Salicin 0 6 6
Cellobiose 25 33
Lactose 25 0
ml tose 0 0
Sucrose 066
TMal ose lm 103

m o 0 0 0 0 0 0 0 0
lCO 0 0 0 0 0 0 0 0 0
4 2 0 0 0 0 0 0 0 0 0
1 0 3 0 0 0 0 0 0 0 0 0
9 5 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0
1 0 5 0 0 0 0 0 0 0 0 0
20 033 0 0 0 0 0 0 0
0 5 0 3 3 0 0 0 0 0 0 0
5 0 0 0 0 0 0 2 5 0 0
510333 0 0 0 0 0 0 0

lCO 0 0 0 0 0 0 0 - 0

Alcohols utilized
l-Propanol 0 1 0 0 0 5 0 0 0 0 0 0 0 0 0
Glycerol 25 103 1(XI 50 0 0 0 0 0 0 0 0
D-Rmnitol O 1 O 2 K X I O 6 6 O O O 0 0 0 0
D-Sorbitol o XXI 0 0 0 0 0 0 0 0 0 0
mso-Inositol O 33 5 0 0 0 0 0 0 0 0 0
2-Phenyl

ethanol 0 6 6 0 5 0 0 0 0 0 0 0  0 0

Cartmxyl ic acids util izec’
Acetic acid 0 1 0 3 9 5 5 0 1 0 3 0 0 0 0 0  0 1 0 3
Caproic acid O 015 0 0 0 0 0 0 0 0 0
Laurie acid 102 lm 10 100 0 0 0 022 0 0 0
Pmpionic acid O 0 20 0 0 0 0 0 0 0 0 0
Glutaric acid olm4050 o 0 0 0 0 0 0 0
f%lonic acid 2510095 0 0 0 0 0 0 0 0 0
Succinic acid 25 100 0 50 0 t% O 0 0 0 0 0
Oleic acid O 0 050 0 0 0 0 0 0 0 0
Iticcmic acid O 0 5 0 0 02014 0 0 0 0
DL41yceric

acid 25 0 6 5 0 0 0 0 0 0 0 0 0
t3-Hydmxybutyric

acid o 0 05066 0 0 0 0 0 0 0
DL-Lactic  acid O lCO 35 0 100 0 0 0 0 0 0100
L(+) -Ta~ric
acid 0 0 0 0 0 0 0 0 0 010033

Citric acid O1OO2CJ5O66 o 0 0 0 0 0 0
Pyruvic acid 7 5 1 C I I 9 5 5 0 1 O O O 0 0 0 0 1 0 0 3 3
2-Ketoglutaric

acid 0 1 0 0 9 3 5 0 1 0 0 0 4 0 ooo661al
Ascorbic acid O 0 6 5 0 0 0 0 0 0 0 0  0
Galacturonic

acid 0 0 0 5 0 0 0 0 0 0 0  0 0
D-Gluconic acid O 100 15 0 0 0 0 0 0 0 0 0
Stearic acid O 0 0 0 0 0 0 0 2 5 0 -  0
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Anino acids utilized
L-Al anine 75
L-A~inine 100
L-Aspar8gine  25
L-Aspartic acid O
L-Cysteine  O
L-Cystine o
L-Glutamic

acid 100
Glycine 75
L-Leucine  103
L-Isoleucine  O
L-Omitii~ O
L-Phenylalanine  O
L-Prol ine 103
L-Seri ne 103
L-Threonine  O
L-T~tophan  O
L-Tyrosine  lUl
L-Val ine o

661035O1CKI  o 0 0 : 0 0 0
6640501m 010233 0 0
lo3103501m 080000 ;0
100 100 0 0 0 1 0 0 1 4 0 0 103 10I
lm 4050 o 020 0 0 0 0 0
100 15 100 0 0 0 0 0 0 0 0

lCO 100 lm lm 0 8 3 1 4 0 0 3 3 6 6
KQ1OO o 0 0 0 0 0 0 0 0
0 6 8 5 0 0 0 0 0 0 0  - o
0155066 0 0 0 0 0 - 0
6615501CXI  o 0 0 0 0 0 0
O 1 O 5 O 1 C K I O O O O O o

103 lCO 103 1(X3 0 1 0 0 1 4 0 0 io
K13 lm 0 1 0 3 0 0 0 0 0 0 0
1 0 3 9 5 0 0 0 2 0 0 0 0 0 0
0 5 0 0 0 0 0 0 0 0  0
33901m 103 o 0 0 0 0 0 0
- 2 5 1 0 3 0 - 0 0 0 0 0 0

Mines utilized
N-Acetyl  gl ucos-

amine lm 103 103 olmo40 0 0 0 0 0
Wanine o 33 050 0 0 0 0 0 0 033
Thynine OKKI 050 0 0 0 0 0 0 0 0

Hydrocarbons utilized
Pentadecane  O 0 2 5 0 0 0 0 0 0 0 0 0
l-Pktiylnaph-

thalene 0 0 2 5 0 0 0 0 0 0 0  0 0
Ahenyl &cane O 010 0 0 0 0 0 0 0 0 0

*The follmting substrates wre not used by strains in any of the clusters: L-arabinose,
D-xylose, raffinose, L-rhannose,  l-butanol, ethanol, 2-pqIanOl, D-anbitol, dulcitol, phenol,
capryl ic acid, funwic acid, Eenzoic  acid, a-amirdutyric  acid, L-lysine,  L*thionine,  ethanol amine,
histamine, ptrescine, 2-mthylnaphthal  ene. The follcwing featuns were 10371 postive for al 1 strains:
rod-shaped, ptianinance of single cells, glistening mlonies, smcoth colonies, grwdh at pH 7, grwth
at 10”C, grwth at 15°C and grcwth at 3.0; NaCl.



2. Gram-negative, oxidase-positive, non-pigmented, variably fermentative,

motile, curved or straight rods (clusters W5 and W7). The morphological and

biochemical characteristics of these organisms closely resembled those of

Vibrio species (Davis and Park, 1962) or Beneckea species (Baumann et al,,

1971). Members of these clusters were stenohaline  growing only at 3% NaC1.

3. Gram-negative, facultatively anaerobic, straight rods producing

non-diffusible yellow pigments (clusters W9 and W1O). According to taxonomic

keys in Bergey ‘s Manual of Determinative Bacteriology (Weeks, 1974), strains in

these clusters are classified in the genus Flavobacterium.  Members of these

clusters were fastidious; they were restricted to growth at a salt

concentration of 3% NaCl and required complex media for growth.

4. Gram-negative, yellow-pigmented, non-motile rods ~

(clusters Wll and W12). These organisms were morphologic’

members of the genus Microcyclus  (Claus et al., 1968; Raj,

orming

ly sim

1977);

1974). The strains were oxidase-negative and grew on a very limil

substrates.

partial rings

lar to

Staley,

ed number of

5. Gram-negative, oxidase-positive rods producing violet pigments

(cluster W4). Isolates within this cluster produced violet pigments which were

soluble in ethanol, but not water, and gave an absorption maximum at 579 nm

characteristic of the pigment violacein  produced by strains of the genus

Chromobacterium (Sneath, 1956, 1974). The strains were motile and lost their

pigment-producing ability on repeated subculturing.

6. Gram-negative, straight or curved rods that are catalase-negative

(clusters WI and I!6). These strains have not been identified. Members

cluster WI were non-fermentative; those of cluster W6 failed to grow in

fermentation tests and thus could not be scored for these features.

of
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7. Gram-negative, non-pigmented, pleomorphic  rods exhibiting bipolar

inclusions (cluster W8). These bacteria have not been identified. They showed

a high degree of morphological variability and were nutritionally fastidious.

In addition to the organisms that were recovered in defined clusters,

several individual organisms showed characteristics of coryneform bacteria

(large rods forming spherical bodies in older culture) and several others were

Gram-positive cocci which exhibited characteristics of the genus Micrococcus

(Gram-positive cocci producing pigments and occurring singly or in pairs).

Numerous other organisms were observed which were not readily associated with

previously described taxa.

Probabilistic Identification Matrices

Three attributes (salt requirement, growth at 25°C and lack of pigment

production), allow eight possible combinations of results (Table 14). However,

because of the variability of groups 1 and 2, and 7 and 8 for requirements of

salt, these group pairs were combined and a new feature frequency output was

generated for distinguishing six groups; the resultant matrix was supplemented

with two additional tests, growth in a medium with 0.5% NaCl and Tween 20

hydrolysis, which permitted further separation of additional subset pairs

(Table 15). The super-matrix was designed to assign to strains to a proper

sub-matrix for identification with a defined taxon. Taxa having variable

results for one or more tests were placed in the group that most closely

approximated its behavior for the variable test. For example, a taxon with

scores of 96%, 882. and 14% for the tests of pigmentation, growth at 25°C and

salt requirement, respectively, would be placed in group 2, while a taxon with

scores of 96%, 882 and 53% would be placed in group 1. By design, the matrices

contain at least two tests that completely separate all possible group pairs

within the given subset. The number of groups and features contained in each
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Table 14. Group Feature Frequencies for Three Selected Attributes

Feature
Group

1 2 3 5 6 78

Pigmentation 92% 95% 96% 95% 05% 01% 02% 02%

Growth at 25°C 94 98 33 01 87 81 10 11

NaCl Requirement 89 36 99 01 89 25 72 40

Table 15. Feature Frequency Table for Modified Groups with 5 Features.

Group
Feature 1,2 3 4 5 6 7,8

Absence of
Pigmentation 97% 95% 95% 06% 01% 01%

Growth at 25°C 95 01 01 95 99 08

NaCl Requirement 73 99 01 95 04 60

Tween 20
Hydrolysis 75 92 72 39 27 08

Growth 0.5% NaC? 90 01 15 90 92 80
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matrix are shown in Table 16. The inclusive matrix required 61 features to

separate the 86 clusters. Nine features required for the complete separation

of all group pairs in the inclusive matrix were not required in any of the

super- sub-matrix combinations: cell length, 0.5-1.0 pm, ammonia production,

celloboise  utilization with production of acid, glycerol utilization, acetic

acid utilization, alpha-keto-gl  utaric acid utilization, and L-methionine

utilization.

Of the 1087 strains submitted to the super-matrix for assignment to

appropriate sub-matrices, 17 were excluded from further testing as additional

tests were suggested for these strains. Additionally, 36 of the test strains

submitted to the battery of sub-matrices were found to have insufficient

recorded test

these strains

the 1034 rema

associate wi.

data for identification in the appropriate sub-matrix. Most of

(86%) were assigned to sub-matrices 2 and 6. The distribution of

ning test strains, according to the identification score

h the grou~ with the highest normalized likelihood is shown in

Table 17. Using the super- sub-matrix scheme, 949 (91.7%) had ID scores above

0.970, Using the inclusive matrix, 1058 (98.6%) resulted in ID scores above

0.970. Less than one percent (0.7%) of the strains entered in the inclusive

scheme had ID scores below 0.900, and only half of these strains were assigned

to incorrect groups. In the super- sub-matrix scheme, identification scores

for 40 strains (3.9%) fell below O.900, but only 6 strains were assigned to

incorrect groups.

Using the R score to evaluate the efficiency of identification (27.6%) of

strains tested in the super- sub-matrix scheme resulted in an R score of 1.0

compared to 7.4% in the inclusive scheme (Table 18). Employing ID and R score

thresholds of 0.990 and 0.01, respectively, did not introduce a significantly

higher rate of mis-identification when compared to the threshold identification
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Table 16. Probability Matrix Specifications

Number of Number of
Matrix Name Features Group

Super-matrix
: Sub-matrix 1 3; 3;

Sub-matrix 2 13 10
: Sub-matrix 3 13 10
5 Sl(b-matrix  4 18 18
6 Sub-matrix 5 10

Sub-matrix 6 :; 16
; Inclusive Matrix 61 86

Table 17. Distribution of Test Strains According to Test Sub*trix and Highest ID Score

Distributionof ID Scores

Tests <.999 <.995 <.990 <.9!?0 <.970 <.960 <.950

b- Total Total Sug-

trix IN OUT gested ~.999 ~.!l% 2.993 ~.%o ~.970 ~.w ~.9w ~.m <.920

1 524 523 1

2 58 51 7

3 73 72 1

4 133 131 2

5 61 60 1

5 221 _ _197 24

tal 1070 1034 36

:Iusive 1087 1073 14

trix

429(2)*

35

61

102

41

103

7%(2)

1015(2)

38 14

6 0

4 1

14 7

7 4(1)

39 15(1)

108 41(2)

26 7

7

1

1

2

1

u

31(1)

5

5 5(2) 2(1) 8

4 0 1 “ 1

1 0 0 1

1 0 0 0

1 1 0 1

m L LA

17(1) 7(2) 5(1) 16

5(1) 3 2(1) 2

15(1)

3(1)

3(2)

7(1)

4(1)

8

40(6)

8(4)

*Nmbers  in parmtheses  indicate the absolu~ pmporticn  of the cell frequency for which the highest

mlized likelihm’  indica~d  an incorrwt  strain-group association.
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Table 18. Distribution of Test Strains According to Sub%trix Trial and R Score

Distribution of R Scores

Sub- <10° -1 -2 -3<10 <10 <10

143trix 01 0 ! _6 ~lo3 -4SO >1 >10 Total— —

1 lm 227(4) 129(1) 49(1) 18 523(6)

2 37(l)* 12 2 0 0 51(1)

3 36 23 12 1 0 72

4 61 55(1) 11 3 1 131(1)

5 19 35(1) 6(1) o 0 #(2)

6 am~ — . .11 5(1) 197(3)

Total 285(2) 441(7) 220(2) 64(1) 24(1) 1034(13)

Inclusive 79 470(3) 286(3) 170(2) 68 1073(8)

mtrix

*Nuhers  in Panmtheses indicate the absolute prcqmtion of the cel 1

frecpency for tiich the highest norml ized Iikel ihood indicated an incorrect

strain-group association.
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score 0.999 set by the program IDDNEW (Table 19). Using the ID and R

thresholds of 0.990 and 0.01 only 1 additional strain was identified

incorrectly. The super- sub-matrices permitted identification of 92% of the

strains, the inclusive matrix resulted in identification of 93% of the strains.

Lowering the identification criteria to ID = 0.970 and R = 0.001 increased the

identification rate in the

mis-identification of only

criteria for the inclusive

identification rate by 15%

super- sub-matrix scheme by 8%, with

one additional strain. Likewise, lowering the

matrix in the same manner increased the

with mis-identification  of only two additional

strains. The most significant difference in identification rate achieved by

the two sets of identification criteria was observed for strains associated

with sub-matrix 5. klhen these strains were run in the inclusive matrix, 35%

increase in identification was observed if the lower criteria (ID - 0.970 and R

= 0.001) were used, as opposed to the criteria of ID = 0.990 and R = 0.01.

Values for total numbers of strains correctly essigned to a given

sub-matrix, strains resulting in a correct group identification, strains with

correct group identifications which exceeded the threshold criteria, strains

resulting in incorrect group identifications which exceed threshold criteria

using the different matrices (Table 20). The values for percent of error

represent the probability of making an incorrect conclusion about an unknown

strain’s group association for each super- sub-matrix scheme and the inclusive

scheme. Also included is a total error rate for the super sub-matrix scheme.

The lowest error rate was observed for sub-matrix 3 using the lower set of

criteria; the highest error rate was observed for sub-matrix 6 using the less

lenient identification thresholds. The greatest difference in error rate

across both identification threshold set was observed for the inclusive matrix,

i.e., the inclusive matrix was 16% more efficient when using the lower rather
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Table 19. Distribution of Test Strains According to @served ID and R Scores as a Result of the Super-

$ub-l%trix Sckm

Distribution of ID and R Scores

Total

Sub- Strains Ik.9$Xl Ib.990 Ik.990 Strains % Ilk.970 IB.970 Ik.970 Strains %

Wtrix Attm@ed Fb.01 R’c.ol k.01 Above 8oth ID b.a)l Rc.ool R@31 Above 8oth ID

1 517

2 50

3 70

4 130

5 58

6 194

Tot? 1 1019

Inclusive 1055

nmtrix

15

8

4

9

7

34—

77

15

53

0

0

4

0

11—

68

228

13

0

0

0

0

4—

17

10

436

42

66

117

51

145

857

812

84 23

8 4 3

9 4 2

9 0 6

835

75 16—

84 55

76 13

15

0

0

0

0

3—

18

57

3

0

0

0

0

~

4

2

476

47

68

124

53

174

942

993

92

94

97

95

91

w—

92

93

NOTE: Table includes only those strains for tiich cornsct strain~rwp ic!entif  i cations WE mde and for

which no additional tests VFW suggested.
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TABLE 20. Error Rate Using Various Matrices.
x z Q R /=RO:

CRI;~RIA 1 2&12

Submatrix
1 81 41 2 2 0 0 523 08.2
2 8 2 0 0 0 0 5 1 ; ;;:; 03.9
3 2 0 0 0 0
4 1~6001 2 1:; 15 :;:: :::;
5 1 4 5 60 16 15.8 14.5
6 4;2; ; 1 0 0 197 3 24.5 10.5

Total 162 76 3 4 5 7 1034 32 15.9 08.2

Inclusive 253 72 1 3 - - 1073 - 23.7 06.9
Matrix

X = total number of strains assigned to the correct group of origin for
which ID and R scores were below threshold levels.

Y = total number of strains assinged to the correct sub-matrix but which
identified as being members of the wrong group of origin above identification
threshold levels.

Z = total number of strains assigned to the wrong sub-matrix identifying
above identification thresholds.

Q = valid number of strains submitted to the correct sub-matrix.
R = valid number of strains submitted to the incorrect sub-matrix.
Threshold Criteria 1 = ID> O.990 and R~O.01

2 = ID~O.970 and R~O.001
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than the higher identification threshold criteria. The error rate for the

overall sub-matrix scheme was 7.6% less than that observed for the inclusive

matrix using the higher threshold criteria; however, the sub-matrix scheme was

slightly less efficient than in the inclusive scheme under the lower threshold

(8.2% versus 6.9%).

Bacterial populations from Cook Inlet isobted on high and low nutrient media

The cluster analyses of bacteria isolated from high nutrient media showed

that 64% of the isclates occurred in 37 phenotypic clusters of greater than 62%

similarity (Figure 8). The average number of strains per phenotypic grouping

was 5.2. Fourteen of the phenotypic clusters contained more than 4 strains.

The two largest clusters each contained 21 isolates accounting for 14% of the

total number of strains isolated on high nutrient media. The cluster analyses

of the bacteria isolated on low nutrient media showed that 95% of the strains

occurred in phenotypic clusters of greater than 62?: similarity. The average

number of strains per phenotypic cluster for bacteria isolated on low nutrient

media vias 11.6. A single phenotypic cluster contained 118 strains and a second

cluster contained 46 strains; these two clusters accounted for almost 50% of

the total number of strains isolated on low nutrient media.

An examination of the sources of the organisms occurring within each

cluster showed that the larger clusters contained isolates from multiple

stations that had been isolated from media with and without added oil. The

minor clusters often contained isolates from only one source. In a number of

cases the clusters contained equal numbers of strains from a given station that

had been isolated on media with and without crude oil added. The plate counts

of bacteria on low nutrient media were several orders of magnitude lower than

those for high nutrient media indicating that the low nutrient bacterial

populations could well be a subset of the populations obtained using high
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Fig. 8 Dendrograms  showing clusters obtained for bacteria isolated from

high (A) and low (B) nutrient media.
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nutrient media; indeed the isolates from low nutrient media also could grow on

marine agar.

Bacteria associated with edible crabs - potential human pathogens

The crabs obtained from near Kodiak Island contained bacteria that were

identified as potential human pathogens. The isolates contained many taxa

associated with domestic sewage, e.g. Klebsiella and Citrobacter. These

isolates were most frequently found in association with gill tissues, but in

some cases bacteria were isolated from muscle tissues as well. ~. coli, which

normally is used as an indicator of domestic sewage, was not found in any of

the crab tissues. Yersinia enterocolytica, a human pathogen transmitted via

the gastrointestinal tract and associated with several recent outbreaks of food

poioning, was among the isolates obtained from the cr?bs collected near Kodiak

Island. Tests with laboratory mice confirmed the pathogenicity of they.

enterocolytica and also of the ~. pneumonia isolates. Crabs from the southern

Bering Sea and those collected in the Gulf of Alaska away from Kodiak Island

did not contain bacterial populations indicative of sewage contamination.

The scanning electron microscopic examination of Dungeness Crab tissue,

showed that a diverse array of bacteria is assoicated  with crab gill tissue,

but there was no evidence of bacterial association with muscle tissue, in

active and healthy looking crabs. Muscle tissue from dead and injured crabs

obtained in the tank was found to have morphologically diverse type of

bacteria. On the crab’s shell, numerous morphologically different types of

microorganisms exist, some of these organisms appear to be chitinoclastic, as

shown by cracks in the shell surface and infiltration of bacteria into the

shell. Plate counts of different tissues confirm our SEM observations, which

indicated that tissues from Alaskan King Crabs showed higher numbers of viable
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bacteria on gill tissue from crabs collected near Kodiak Island compared to

those collected away from this populated area.

The results from the tank study indicated that all microorganisms added to

the tank and to which the crabs were exposed were not uniformly concentrated in

the tissues. Klebsiella sp., Bacillus sp., and Vibrio parahaemalyticus  could

be readily isolated from gill tissue. Beneckea harveyi (a bioluminescent

organism) was readily isolated from both sediment and water column but not from

tissues of crabs unless the crab had been exposed to this bacteria for a long

period of time, in that case the~. harveyi did appear in gill but not muscle

tissue. ~. coli was not isolated from any of the crab tissues nor from water

nor sediment samples.

DIVERSITY OF MICROBIAL COMMUNITIES

Beaufort Sea

Taxcricmic diversity

A relatively high state of taxonomic diversity was characteristic of the

marine bacterial communities of the Beaufort Sea (Table 21). Taxonomic

diversity was significantly greater in sediment than in water communities and

significantly greater in summer than during.winter. Similar diversities have

been found in subarctic marine ecosystems in sediment (Hauxhurst  et. fl, 1981),—

but in subarctic ecosystems somewhat higher diversities occur in surface waters

than were found in the Beaufort Sea (Kaneko et. al, 1978). Also while there——

are seasonal shifts in bacterial diversity in Beaufort Sea surface water

communities, in subarctic surface waters no comparable seasonal variations have

been observed. The lower taxonomic diversity in Arctic waters during winter

undoubtedly reflects the stress placed on such biological communities by harsh

Arctic conditions including the limited substrates available from

phytoplankton. In addition to seasonal shifts in diversity, definite



geographic trends in the diversity of bacterial communities were observed.

During summer diversity is greatest in the western Beaufort Sea, whereas during

winter the lowest diversities occur in the western Beaufort Sea. Community

diversity was found to be identical at given Arctic habitats from one year to

the next at a given time of year. However, the individual populations within

the respective communities varied from one year to the next. It appears that

there is a maximum taxonomic diversity for a bacterial community occupying a

given habitat, but that different bacterial populations can occupy the niches

of that ecosystem.

Physiological tolerance indices

As one would expect the Arctic populations are somewhat less tolerant to

temperature fluctuations than subarctic populations, particularly with respect

to tolerance of high temperatures. Most Beaufort Sea bacteria, however, are

not true psychrophiles; psychrotrophs, capable of growth at temperatures of

25”C, comprise over 85’; of the bacterial populations in these ecosystems.

Relatively high physiological tolerance indices nevertheless are characteristic

of Beaufort Sea bacterial communities (Table 22). High physiological tolerance

indices are somewhat surprising considering the relatively low annual

variations in temperature, salinity, and pH which occur in these marine

ecosystems. The indigenous bacterial populations are quite tolerant of

fluctuations in temperature, salinity, and pH, beyond the limits to which they

ever are exposed naturally.

Nutritional utilization indices

The nutritional utilization indices indicate that the bacterial

populations of the Beaufort Sea are relatively versatile (Table 23). However,

hydrocarbons are not metabolized by the dominant populations of bacteria

occurring either in water of sediment. With respect to other classes of
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Table 21. Taxonomic Diversities of bacterial populations (H’)

Ii’

Ice Winter 1976 3.0

W a t e r Summer 1975 2.6
Winter 1976 2.1
Summer 1976
Summer 1978 ;::

Sediment Summer 1975 3.5
Winter 1976
Summer 1976 ::!
Summer 1978 4.1

H’ = Shannon diversity index

Table 22. Physiological tolerance (P ) indices of surface water and sediment
bacterial communities in Beaufort Seaxecosystems  sampled in 1976.

Summer Winter
Water Sediment Water Sediment

;T 0.60 0.55 0.56 0.50
~H 0.62 0.72 0.65 0.70

s 0.26 0.35 0.30 0.35

;T = physiological tolerance index for temperature

PH = physiological tolerance index for pH

s = physiological tolerance index for salinity
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Table 23. Nutritional utilization (N ) indices of surface water and sediment
bacterial communities in Beaufort Seaxecosystems sampled in 1976.

Summer Winter
Water Sediment Mater Sediment

N 0.55 0.67 0.40 0.56
N c 0.29 0.56 0.31 0.50
N;a 0.37 0.69 0.45 0.65
N 0.32 0.40 0.38 0.42
;;a 0.00 0.00 0.00 0,00

T 0.31 0.46 0.31 0.45

N = nutritional utilization index for carbohydrates
Nc = nutritional utilization index for alcohols
N;a = nutritional utilization index for carboxylic acids
N = nutritional utilization index for amino acids
ti;~= nutritional utilization index for hydrocarbons
‘{T = nutritional utilization for all substrates
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substrates, sediment populations are capable of growing on more organic

substrates than water populations; sediment populations could utilize 50% more

substrates than water populations. The major seasonal difference in the

nutritional utilization indices occurred in the abilities of surface water

populations to utilize carbohydrates. During summer carbohydrates were the

most readily utilized substrates followed by carboxylic  and amino acids. During

winter carboxylic  and amino acids were utilized by a greater proportion of the

community than were carbohydrates. This shift in nutritional capabilities

presumably reflects a shift in the food resources available as substrates to

the bacterial populations of the Beaufort Sea.

Gulf of Alaska

Bacterial Population Characteristics

Selected morphological, physiological, and biochemical characteristics of

representative dominant bacterial populations in each sample are shown in Table

24. Gram-negative rods predominated in all samples. Approximately one-half of

the populations, represented by the isolates, were pigmented, predominantly

with yellow, orange, and brown pigments. Slightly less than half of the

isolates

found in

The

but true

the 45 samples. The majority of isolates at most stations required NaCl for

growth. Three intertidal beach stations (D, M, and L) and one water station

(152) showed anomalously low proportions of NaC1-requiring bacterial

populations. This observation likely indicates the occurrence of bacterial

populations of terrestrial origin, but which are capable of growth in the

were motile. As expected, higher percentages of motile bacteria were

water samples (49%) than in sediment samples (38%).

majority of the bacterial populations grew at temperatures of 5-20”C,

psychrophiles, incapable of growth at 20*C, only were found in 33 of
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Table 24. Selected features of populations in Gulf of Alaska and Cmk Inlet water and sediment
shm”ng % positive.

Station Gram

156
159
145
137
101
204
215
245
265
266
229
105

;
53
57
52
30

D
M
L
K

:

134
137
121
101
2C4
215
225
229
105

1
4
53
57
52
37
30
32

D
M

k

w“

la)
100
87
92
103
100
100

!B
100
103
103
97
103
103
100
63
100
103
100
103
lCXI
100
95

95
100
100
100
lm
lm
100
lCO
KKl

::
100
103
90
92
100
10S
103
103
103
103

Rods

93
100
88
67
103
95
90

;
w
90
94
83
E!9
79
93
7

47
100
100
74
100
85
86

lm
100
94
95
95
95
103

:

;:
91
%
72
85

:
93

103
100
94

Ft3tile Spores Pig- Psychrm-  NaCl Nitrate Nitrate @l atin Starch
mt.ed phile rquired rducd reduced hydrol. hydml.

43
27
38
92

;;
95
78
25
26
30
50
37

:;
102

0
24
26
65
70
20
58
55

WER
o
0
6
0
0
0
0
0
0

;
o
0
0
0
0
0
0
0
0
0

:
0

SEDIMENT
27 0
26
29 :
52 0
20 0
47 0
72 0

0
: 0
48 0
34 0
50 0
64 0
24 0
46 8

0
: 0
14 0
15 0
25 0
24 0

82
72
31
25
0

5:

:;
45
25
47
20

;:
o

No
21
68
20
10

3:
41

::
25
43
10
16
16
45
30
65
76
50
7

59
19
45
32
86
65

;:

25
0
0
25

2:
0
10
0
5
0

;;
21
21
0
0

22
0
5

10
0
15
5

50
7

43
20
5

16
10
15
5

27
7

14
11
21
36
19
19
0
5
0

24

102
103
82
103
103
100
90
95
53
90
80
FJ3
80
84
50
100
4

47
39
35
85
103
69
91

1(II
103
94

;:
103
100
95
95
82
45
86
89
62
67
81
56
62
65

i

63
0

58
70
w

8;
43
37
17
93
59
29

2;
57

100
71

Kll
76

:?

E
77
70

;
44

7;

13
0
0
10
0

;
o
0

;
6
7

2;
19

17
0
6
0

i
18

;;
7

13
“lo
8
14

2;

70
75
22
33
87
37
40
37
41

:;
50
52
38
35
8
11
6

29
30
45
90

$

42
70

:;
85
32
53
60
65
44
28
40
68
33
45
39
46
48
40

;:
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marine environment in these regions. At many other stations all of the

dominant bacterial populations required NaC1.

The ability to reduce N03- to N02- was characteristic of many of the

bacterial populations present at all but two stations. Nitrate reducers

predominated in most sediment sampels and were only slightly less abundant in

water samples. The ability to reduce nitrate can permit organisms to respire

under anaerobic conditions, which are commonly found in marine sediments.

Nitrite reduction was a common characteristic of bacterial populations at most

stations, but the number of nitrite reducing populations was always far less

than that of the corresponding nitrate reducers.

The ability to produce extracellular enzymes was tested using gelatin and

starch, for protease and amylase enzymes, respectively. Isolates capable of

hydrolyzing either gelatin (protein) or starch (polysaccharide)  were found at

all stations tested, in similar numbers. In this region saccharolytic

bacterial populations appear to occur as frequently as proteolytic  populations.

Physiological Tolerance Indices

The physiological tolerance indices for growth over ranges of temperature

(PT)$ pH (PH), and salinity (PS) are shown in Table 25. Considerable

variations in PT are apparent at different stations. There was no significant

difference, though, in PT values between communities samples in March and

October. There was a significant difference (cx<O.01)  in PS values for

communities in suface waters east and west of Kodiak Island: the PS for

western stations was 0.11; the mean PS for eastern stations was 0.61. PS

values also were significantly higher in intertidal samples than in offshore

samples. In most cases the temperature tolerance index (PT) is distinctly

larger than the indices for either pH range or NaCl concentration. This

indicates that the majority of the communities samples are more tolerant to
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Table 25. Physiological tolerance indices for taperat.ure, @l, and salt for Gulf of Alaska and Cook
Inlet bacterial ccnnunities.

Water

Station PT PH

156 0.74 0.40
159 0.65 0.23
145 0.76 0.42
134 - -
137 - -
121
101 O.i 0.7;
204 0.63 0.57
215 0.85 0.61
225 - -
245 0.83 0.61
265 0.85 0.47
266 0.76 0.54
229 0.83 0.55
105 0.72 0.45

0.71 0.55
; 0.72 0.53

53 0.72 0.50
57 0.80 0.77
52 0.99 0.76
37
30 O.ti 0.;
32

D 0.8; 0.52
M 0.93 0.62
L 0.83 0.65
K 0.91 0.50
E 0.76 0.61
A 0.80 0.52
F 0.70 0.51

‘s

0.10
0.00
0.24

0.4;
0.21
0.40

0.30
0.41
0.33
0.58
0.25
0.35
0.33
0.53
0.74
0.90

0.7;

0.;
0,77
0.43
0.59
0.63
0.42
0.62

Sedirent

‘T ‘H ‘S

0.5; 0.6: O.1~
0.67 0.44 0.09
0.54 0.45 0.23
0.71 0.60 0.21
0.67 0.46 0.41
0.70 0.42 0.12
0.68 0.56 0.14

0.72 0.41 0.21
0.77 0.60 0.27
0.71 0.53 0.40
0.77 0.65 0.58
0.70 0.55 0.28
0.69 0.62 0.23
0.72 0.59 0.47
0.70 0.60 0.50
0.65 0.54 0.26
0.80 0.61 0.52
0.86 0.50 0.58
0.79 0.44 0.63
0.82 0.60 0.74

0.69 0.46 0.25



changes in temperature, over the experimental range, than to changes in either

pH or salinity over the ranges tested. Direct comparison of tolerance indices

for different environmental factors must be made with caution, however, as the

calculated numerical values of the indices are dependent on the selected ranges

of experimental values for each factor.

Nutrient Utilization Indices

The nutrient utilization indices are shown in Tables 26 and 28.

Carbohydrates and amino acids generally had the highest utilization indices.

All of the carbohydrates tested could be used by the bacterial communities in

11 different samples. Usually less than half of the alcohols and about half of

the carboxylic acids tested could be used by the bacterial communities. Few

individual hydrocarbon substrates could be utilized; in about 70% of the

samples, the populations of the communities tested showed a complete lack of

cap~bility  of utilizing any hydrocarbons. The total substrate utilization (NT)

values were somewhat lower in offshore waters (mean NT = 0.51) than in offshore

sediments (mean NT = 0.61) or in intertidal samples (mean NT = 0.61).

Taxonomic Diversity

The Shannon Weaver diversity indices (H’) and equitability indices (J’)

are in Tables 27 and 28. There was no significant difference (a = 0.2) between

the taxonomic diversity H’ values for offshore water and offshore sediment

communities, although the mean H’ value of offshore water communities was 3.0,

compared to an H’ value of 3.8 for offshore sediment communities. Likewise,

there was no significant difference in taxonomic diversities between intertidal

water and intertidal sediment bacterial communities, although the mean H’ for

intertidal water (3.0) was lower than for intertidal sediment (3.4). The

equitability values also were higher for offshore sediment (mean J’ = 0.84)

than for offshore waters (mean J’ = 0.70), but this difference was significant
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Table 26. Nutrient Util i~ation indi~s for tilf of Alaska and @ok Inlet ~c~rial  mnities for
various substrate classes .

156
159
145
134
137
121
101
204
215
225
245
265
265
229
105

1
4
53
57
52
37
30
32

D
N
L
K

:
F

Nc

0.38
0.69
0.81

0.64
0.71

0.;
1.03
1.03
0.79
0.57
0.69
1.03
1.00
0.63
0.81

0.8~

1.00

:::
0.29
0.94
1.CQ
0.94

N a Nm Naa Nh If Nc Na Nca Naa Nh ff

0.54 0.48 0.55 O.(KI 0.45 - - - - - -
0.38 0.33 0.70- 0.14 0.49 - - - - - -
OOM 0.55 0.85 0.29 0.65

0.7; 0.1 0.4; 0.7; 0.6 0.;
0.75 0.38 0.59 0.55 0.29 0.55
0.88 0,46 0.62 0.70 O.CQ 0.61
0.% 0.69 0.69 O.(XI 0.71 0.81

0.3; 0.4; 0.90 O.i 0.5; 0.93 28 0.23 0.55 O.CO 0.42
0.38 0.55 0.55 0.00 0.51 0.93 0.31 0.59 0.89 0.02 0.60

0.79 0.31 0.41 0.95 O.m 0.55
o.3i 0.4; 0.6; 0.6 O.ti - - - - - -
0.38 0.66 0.9 0.02 0.67 - - - - - -
0.31 0.66 0.85 O.~ 0.65
0.15 0.28 0.50 0.OO 0.37 0.9; o.3i O.i 0.66 0.06 0.4;
0.15 0.28 0.45 O.m 0.33 0.64 0.23 0.31 0.75 0.00 0.43
0.46 0.69 0.70 0.14 0.61 0.88 0.54 0.56 0.85 0.43 0.71
0.23 0.48 0.40 0.00 0.48 0.94 0.46 0.69 0.75 0.29 0.69
0.31 0.62 0.55 O.m 0.!59 O.w 0.62 0.62 0.65 0.03 0.64
0.15 0.55 O.XI 0.03 0.38 1.00 0.69 0.66 0.60 0.00 0.66
0.38 0.69 0.75 0.14 0.63 0.81 0.38 0.69 0.85 O.~ 0.65

0.81 0.38 0.59 0.65 0.00 0.56
O.i O.i 0.4; O.i 0.4; 0.94 0.62 0.86 0.74 0.03 0.73

0.89 0.69 0.69 0.85 0.43 0.74
0.62 0.7; 0.65 0.14 0.7; 0.94 0.54 0.69 0.40 O.~ 0.59
0.46 0.76 0.90 0.03 0.72 1.CKI 0.31 0.52 0.70 0.00 0.57
0.46 0.52 0.85 O.m 0.59 1.(KI 0.85 0.72 0.95 O.al 0.78
0.05 0.21 0.40 0.02 0.23 - - - - - -
0.15 0.59 0.30 0.00 0.47 -
0.31 0.66 0.75 0.00 0.64 0.94 O.~ 0.6; - -0.75 0.00 O.i
0.77 0.72 0.40 0.29 0.66 - - - - - -

1+ all substrates tested
Nc carbohydrates; Na alcohols; Nm cartoxyl ic acids; Iiaa amino acids; Nh hydrocarbons
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Table 27. Taxonunic diversity of tilf of Alaska and @ok Inlet bacterial ccnnunities.

Station

159
159
145
134
137
121
101
204
215
225
245
265
266
229
105

1

5:
57
52
37
30
32

D
N
L
K
E
A
F

Water
H’

;:;
3.3

O.i
3.0
3.3

:::
4.1
1.4

$:

:::

;::

2.;

4.;
2.6
2.8

;:;
4.2
4.1

J’

0.87
0.56
0.83

:::
0.76

0.;
0.93
0.95
0.32
0.99
0.90

::;
0.29
0.48

0.71

0.6
0.60
0.65
O*7O
0.56
0.94
0.85

Sedinmt
H’ J’

3.; 0.8i
3*4 0.80

0.90
::; 0.93
3.7 0.86
3.7 0.87
3.8 0.89

3.i 0.7;
2.9 0.67
3.9 0.86

::; :::
3.5 0.72
5.6 0.95

0.89
;:: 0.83

0.79
::: 0.91
3.9 0.90
1.4 0.32

3.6 0.81
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Table 28. SuunNY of F%ysiological toleram indices, nutrient utilization indices, and taxonanic
diversities SM ng mean values.

-. -.
Intertidal

0.82
0.58
0.58

0.85
0.41
0.61
0.61
0.06
0.58

3.0
0.64

0.79
0.50
0.55

0.97
0.54
0.64
0.70
O.m
0.65

3.4
0.74

offshore West
of
Ibdiak
Island

MATER

0.78 0.72
0.55 0.35
0.41 0.11

0.76 0.63
0.32 0.49
0.51 0.45
0.62 0.70
0.04 0.14
0.51 0.53

3.0 2.9
0.70 0.75

SEOIMENT

0.69 0.59
0.55 0.52
0.28 0.17

0.87 0.79
0.46 0.43
0.57 0.55
0.74 0.67
0.13 0.10
0.61 0.57

3.8 3.6
0.84 0.84

Cook
Inlet

0.78
0.57
0.57

0.76
0.28
0.46
0.69
0.00
0.50

2.9
0.67

0.71
0.51
0.18

0.86
0.35
0.44
0.78
0.12
0.55

3.6
0.84

tast
of
Kccliak
Island

0.80
0.62
0.61

0.82
0.27
0,59
0.’50
0.05
0.52

3.0
0.71

0.72
0.59
0.41

0.93
0.55
0.68
0.74
0.14
0.67

4.0
0.85

—.



only at the cx = 0.1 level.

surface waters at the upper

contiguous region southeast

Particularly high H’ and J’ values were found in

end of Cook Inlet (stations 265 and 266) and in a

of the entrance to Cook Inlet (stations 1, 4, 53,

and 105). Extremely low taxonomic  diversities were found in water samples from

stations 101 and K. There was no significant relationship between population

size and taxonomic  diversity in these communities.

Cook Inlet - copiotrophic  and oligotrophic  bacteria

The diversities of the heterotrophic  (copiotrophic-high  nutrient)

bacterial communities at different seasons are shown in Table 29.

The diversity of bacteria isolated on high nutrient media clearly was

higher than the diversity of bacteria isolated on low nutrient media (Table

30). The average Shannon diversity index for all isolates from high nutrient

media with and without oil was 5.6 compared to 3.1 for isolates from low

nutrient media. The Shannon diversity indices for isolates from sediment

obtained on high nutrient media were higher than for comparable water isolates.

There was no significant difference in diversity indices between sediment and

water isolates obtained on low nutrient media.

Approximately 80% of the bacterial isolates required sodium chloride for

growth. Only 15% of all isolates, though, were restricted to growth near 3%

NaCl . Almost all such stenohaline  bacteria were isolated on high nutrient

media. Eighty-one percent of all isolates were able to grow at 7.5% NaCl and

207; could grow at 15% NaC1. Of the organisms capable of growth at 15% NaCl,

nearly 75% were isolated from sediment. The temperature growth characteristics

of the isolates showed that only 24 isolates were restricted to growth at

temperatures below 25°C. All of these psychrophilic bacteria were isolated on

high nutrient media. Ninety three percent of the isolates could grow at 25”C,

but only 9%were capable of growth at 37”C.
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Table 29. Diversity (H’) of bacteria isolated on high nutrient media at
different times in Cook Inlet

Sampling Water Sediment
Time

Fall 1976 3.1 3.5
Spring 1977 3.6 3.6
Spring 1978 4*5
Spring 1979 ;:? 5.6

Table 30. Diversity of bacteria isolated on different media.

Isolation Water Sediment Total
Medium N* H*

MA 94 4.1 6! 5:4 1!3 5;6
MO 74 4.6 64 5.0 138 5.6
BA 80 2.8 40 2.6 120 3.1
BO 100 3.0 61 2.6 161 3.1

*N . number of isolates
H = Shannon diversity index

371



The physiological tolerance indices showed significant differences for

temperature, pH and salinity between bacteria isolated on high and low nutrient

media (Table 31). Isolates from low nutrient media could grow over a wider

range of temperature, pli and salinity values than bacteria isolated on high

nutrient media. The high physiological tolerance indices for the Alaskan

isolates are in marked contrast to those calculated for salinity and

temperature using the data of Mallory et al. which were PT=0.44 and PS=O.20 for——

Chesapeake Bay isolates. As a rule, there was greater variability in the

physiological tolerance indices between bacteria isolated from Alaskan samples

collected at different stations on high nutrient media than for bacteria

isolated on low nutrient media. The physiological tolerance indices appear to

reflect the diversity differences between the bacterial populations isolated on

the high and low nutrient media.

Significant differences also were found for the nutritional utilization

indices (Table 32), where the isolates from low nutrient media were

nutritionally far more versatile than those isolated on high nutrient media.

Isolates from low nutrient media could utilize 2-3 times the number of alcohol,

cerboxylic  acid, amino acid and hydrocarbon substrates as could be used by the

isolates obtained from high nutrient media. In the case of carbohydrates,

though, both isolates from high and low nutrient media utilized similar numbers

of carbohydrate substrates. Comparing our results to those obtained by l%llory

et al. it appears that a higher proportion of the— .

euryheterotrophic, whereas the Chesapeake Bay iso’

the substrates that could be utilized. For examp’

Alaskan isolates were

ates were more restricted in

e, the nutritional

utilization indices for the Chesapeake Bay isolates calculated based on the

data of Mallory et al. are NC=0.40, lla=0.20, Naa=O.lO, and Nca=O.lO, which,——

with the exception of carbohydrates, are significantly lower than the
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Table 31. Physiological tolerance indices for bacterial communities
isolated on different media.

Sta.

265
235
394
354

235
394
354
mean

265
235
394
354

235
394
354
mean

265
394
354

235
394
mean

265
235
394
354

235
394
354
mean

‘H

(pH)

0.58
0.78
0.64
0.40

0.78
0.50
0.54
0.60

0.71
0.76
0.72
0.30

0.73
0.49
0.50
0.60

0.80
0.80
0.80

0.80
0.79
0.80

0.80
0.67
0.80
0.80

0.75
0.80
0.65
0.75

‘T

(temperature)
MEDIUM MA

Water
0.79
0.80
0.83
0.79

Sediment
0.75
0.65
0.67
0.75

MEDIUN MO
Water
0.77
0.82
0.80
0.76
Sediment
0.72
0.63
0.65
0.73

MEDIUM BA
Water
0.80
0.80
0.82
Sediment
0.81
0.80
0.81

MEDIUM BO
Water
0.80
0.85
0.79
0080
Sediment
0.80
0.80
0.80
0.81

‘s
(salinity)

0.43
0.80
0.79
0.38

0.37
0.18
0.23
0.45

0.42
0.49
0.80
0.18

0.30
0.19
0.17
0.36

0.85
0.80
0.79

0.92
0.79
0.83

0.91
0.79
0.76
0.80

0.65
0.82
0,80
0.79
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Table 32. Nutritional utilization indices for bacterial communities
isolated on different media.

Nc Na N ca N aa ‘h

(carbohydrates) (alcohols) (carboxilic (amino (hydrocarbons)
acids) acids)

Sta.

265 0.23
235 0.35
394 0.48
354 0.40

235 0.28
394 0.14
354 0.15
mean 0.29

265
235
394
354

235
394
354
mean

0.49
0.63
0.53
0.06

0.33
0.11
0.06
0.32

265 0.15
394 0.59
354 0.41

235 0.11
394 0.37
mean 0.33

265
235
394
354

235
394
354
mean

0.15
0.43
0.46
0.62

0.30
0.49
0.63
0.44

0.34
0.30
0.39
0.29

0.23
0.23
0.13
0.27

0.33
0.32
0.33
0.13

0.26
0.09
0.08
0.22

0.32
0.64
0.80

0.20
0.65
0.52

0.36
0.52
0.81
0.59

0.28
0.68
0.83
0.58

MEDIUM MA
Water

0.37
0.42
0.41
0.22

Sediment
0.31
0.16
0.18
0.30

MEDIUM MO
Water

0.55
0.59
0.43
0.03

Sediment
0.39
0.08
0.07
0.31

MEDIUM BA
Water

0.58
0.77
0.77

Sediment
0.50
0.78
0.68

MEDIUM 60
Water

0.58
0.64
0.73
0.67

Sediment
0.56
0.75
0.78
0.67

0.39
0.51
0.60
0.35

0.42
0.31
0.22
0.40

0.66
0.41
0.43
0.12

0.52
0.28
0.12
0.36

0.43
0.82
0.91

0.31
0.87
0.67

0.49
0.69
0.88
0.78

0.59
0.83
0.82
0.73

0.13
0.08
0.10
0.35

0.15
0.00
0.08
0.13

0.37
0.06
0.19
0.03

0.35
0.05
0.03
0.16

0.15
0.62
0.73

0.04
0.66
0.44

0.09
0.41
0.89
0.62

0.16
0.70
0.71
0.51

374



comparable utilization indices for the Alaskan isolates obtained on low

n u t r i e n t  m e d i a .

T h e r e  w a s  a  h i g h e r  i n c i d e n c e  o f  pleomorphism  a m o n g  t h e  i s o l a t e s  f r o m  l o w

nutrient media (33%) than for the strains from high nutrient media (8%).

Pleomorphism has been associated with oligotrophic bacteria; the increased

surface area appears to be important for being able to utilize nutrients at

very low concentrations (hloaledi, 1978; Poindexter,  1979, 1981a, 1981b). Many

of the taxa from both high and low nutrient media in our study undoubtedly

represent Vibrio species, which we have previously reported to be among the

dominant bacterial populations of Alaskan Continental Shelf ecosystems (Kaneko

etal., 1979; Hauxhurst et al., 1981). Moaledi (1981) also found that Vibrio—— ——

species were among the dominant oligotrophic bacteria in the Plubsee, although

various other pleomorphic genera of oligotrophs also occurred.

Bacterial communities associated with Arctic amphipods

To examine the bacterial communities associated with amphipod populations,

populations of the amphipod Boeckosimus (= Onisimus) affinis were collected in

Elson Lagoon, 50 m south of Plover Point near Pt. Barrow, Alaska. Amphipods

were captured in wire mesh traps, baited with fish, which were suspended in the

water column, beneath the ice. Animals used in this

16 mm in l~ngth.

Scanning e?ectron microscopic observation of the

study were between 11 and

amphipod Boeckosimus

affinis indicated a lack of associated surface microorganisms (Fig. 9a, b).

Exhaustive viewing of all surface areas of multiple specimens did not reveal

any associated microbial populations (Other species of amphipods collected from

sediment had extensive microbial surface fouling indicating that the lack of

microorganisms on the surface of B. affinis was probably not an artifact of—

specimen preparation).
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Examination of the intestinal tract of~. affinis did not sh~w any

microorganisms associated with the lining of foregut, midgut and hindgut

tissues (Fig. 10a). Microorganisms were observed, however, colonizing food

particles within the midgut (Fig. 10b). Relatively low population densities

were observed on the faecal matter in the hindgut, near the anal pore (Fig.

10c); the anal plates of the amphipod were colonized by a vibrio shaped

bacterial population (Fig. 10d).

In the cluster analyses of viable microbial isolates 10 phena containing

more than 2 strains were identified at the 75% similarity level. Eighty

percent cf all isolates examined occurred within these 10 clusters. The

microorganisms associated with these amphipods are predominantly gram negative,

motile, facultetive anaerobic rods which appear to be in the Vibrio-Beneckea

group as described by Shewan and Veron (1974).

The dominant microbial populations associated with!. affinis at the time

of capture could metabolize proteinaceous  material (e.g., gelatin, peptone,

tryptone). The main amino acids utilized by these microorganisms were

asparagine  and proline; most other amino acids were utilized by none or only a

very low proportion of the microbial strains. Urea could not be hydrolyzed by

the associated microorganisms. A relatively low proportion of the bacterial

isolates frcm freshly captured amphipods could utilize plant polymers (e.g.,

cellobiose, starch) although all could utilize simpler carbohydrates. Most

could utilize lipoidal compounds (e.g., fatty acids, glycerol) but did not

produce lipase enzymes. All isolates associated with the freshly caught~.

affinis amphipods could hydrolyze chitin and starch. None of the isolates

associated with the amphipods demonstrated the ability to metabolize

hydrocarbons.



FIG. $. Scanning electron rnicrographs of surface regions of B. aj%ris. (u) Low-magnification view. Note lack of visible
surface fouling. Bar = 100 pm. (b) High-magnification view of pleopod surface showing lo[al lack of asmcia[ed bac[crial
populations. Bar = 1 Am.

FIG.&. Scanning electron micrographs of regions of the gut of the amph@od  B. q$nis. (a) Section of amphipod foregut
showing absence of bacteria associated with the gut lining. Bar = I pm. (b) Cross section of the midgut showing food particles.
Lining of gut is shown in the lower left of the micrograph. Note bacterial cells, including cruwed rods, on the surface of a food
particle in the center of the micrograph. Bar= 10 pm. (c) Faecal matter at anal pore of amphipod  showing a few bacterial cells on
the surface. Bar = 1 pm. (d) Anal plates of the amphipod showing occurrence of vibrio-shaped bacteria. Bar = 10 ~m.
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During the experimental exposure period there was a shift in the metabolic

capabilities of the microbial populations associated with ~. affinis. This is

shown by an increase in the nutrient utilization indices during the exposure

period, indicating a diversification of the metabolic capabilities of the

microbial isolates (Table 33). There also was a general shift in the

physiological tolerance ranges of the bacterial isolates. Initially the

dominant populations were psychrophilic and stenohaline; following captivity

(without feeding) the dominant populations were psychrotrophic and euryhaline.

This shift in physiological tolerance ranges in reflected

physiological tolerance indices for the bacterial populat”

amphipods held in captivity (Table 34).

in the increased

ons associated with

Additionally, there was a decrease in the relative numbers of vibrio-like

organisms (CFU on TCBS agar relative to CFU on marine agar 2216) when exposed

to petroleum hydrocarbons. Populations of vibrio-like organisms shifted from

being the major (dominant) portion of the population to being present in much

lower proportions compared to the total viable population when oil was added.

The presence of water soluble oil components may have stressed the association

between amphipods and bacteria such that the initially dominant vibrio-like

populations (Vibrio-Beneckea  group) declined in numbers and importance.

The taxonomic diversity of the microbial community also changed during the

experimental exposure (Table 35). There was a general increase in the

diversity of the microbial community associated with the amphipods, shown

changes in both H and J, during the experimental period. An increase in

microbial diversity occurred in both controls and oil exposed cases; the

increase was greater for populations exposed to oil. No replicates were

by

performed for each treatment and combination thus statistical analyses could

not be performed to determine the significance of this observation. The
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Table 33. Nutrient uti 1 ization indices for bacterial ~pulations
associated with theanphipod B. affinis.——

Tnx@rent Nc Na Nm Naa \

at tinr2 of capture 0.36 0.(13 0.12’0.160.18
7 day control 0.600.030.370.470.38
7 day + oil 0.500.430.500.670.53
14 day Control 0.750.310.590.750.60
14 day + oil 0.510.380.480.740.53

Table 34. Physiological tolerance 1 irnits for bacterial ~pulations
associated witi theanphipcd  B. affinis.——

Treatrmnt ‘T ‘H ‘S ‘C

at time of capture 0.330.250.290.29
7 day control 0,620.210.530.45
7 day + oil 0.590.250.500.45
14 day control 0.690.520.470.44
14 day + oil 0.580.680.460.45

Table 35. Diversity (~) and equitability (J) of bacterial populations associated with the aphipod ~.
affinis: changes during captivity (starvation) ad exposure to oi 1.

Treatment R
at time of captx.m 1.03 0:22
0 time mntrol 1.41 0.30
7 day Contnl 1.69 0.37
14 day control 2.02
7 day + oil 2.79 ;::
14 day + oil 2.59 0.66
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consistent increase during the exposure period, nevertheless, appears to

clearly indicate a pattern of increased diversification in the microbial

community.

Denitrification - potential activities

The rates of denitrification  (N20 production) from unamended sediments are

shown in Fig. 11. TtIP;-c has a high degree of variance in the rates of

denitrification  between different sediment samples. Variability between

replicates from the same sample was always less than 10%. No duplicate samples

were analyzed from the same sampling site, but samples collected within 1 km of

each other showed up to 50% variability.

No detectable N20 was produced from approximately one-third of the

unamerided samples from Norton Sound and the northern Bering Sea. In the

western Bering Sea (Navarin Basin), approximately 50% of the samples produced ~

1 pmol of N20/g per day. The rate of N20 production from unamended Beaufort

Sea sediment samples was below the level of detection with a TCD. All Cook

Inlet and Gulf of Alaska unamended samples produced detectable levels of N20,

The highest rate of N20 production, 2.3 nmol/g per day, occurred on the western

side of Cook Inlet (wthin Kamishak Bay). Relatively high rates of N20

production, from unamended sediments, 1.2 to 1.7 nmol/g per day, were found on

either side of the Aleutian Islands, near Unimak Pass. Addition of organic

carbon and nitrogen produced variable results: in several cases, addition of

peptone led to a 50% reduction of N20 evolution; in others, rates of N20

production were unaffected or slightly stimulated.

Significantly higher rates of N20 production were found when the samples

were amended with nitrate (Fig. 12) compared with unamended samples. Al 1

samples amended with nitrate produced detectable amounts of N20. In the

upper Bering Sea, the rates of N20 production typically were three to four

orders of
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magnitude above rates from unamended treatments at comparable sites. Data from

the Norton Sound also showed that addition of N03- 9enerallY stimulated N20

production from three to four orders of magnitude compared with unamended

samples. In the western Bering Sea (Navarin  Basin), the degree of stimulation

was about three orders of magnitude. In the Gulf of Alaska-Cook Inlet region,

the degree of stimulation was generally only one to two orders of magnitude

over unamended  treatments.

Addition of an organic carbon source together with N03- further stimulated

N20 production in almost all cases, generally by twice the values obtained when

N03- was the sole amendment. A comparison of the rates of denitrification from

sediment collected in various Alaskan continental shelf regions is shown in

Table 36. There was a sixfold difference in rates of denitrification for

samples collected at the same geographic coordinates 14 months apart in the

upper Bering Sea. The apparent regional differences in rates of

de vitrification were obscured by the high degree of variance within each of the

broad sampling regions, as evidenced by the high standard deviations. The

differences between regions were not statistically significant. It does

appear, however, that potential rates of denitrification are as high in Arctic

sediments as in subarctic Alaskan continental shelf sediments.

Effects of oil on denitrification

den

37)

Idithout added nitrate there was a statistically significant difference in

trification (N20 production) between oiled and unoiled sediments (Table

This difference was found for both short-term (1 week) and long-term (up

to 2 years) exposures. No N20 production from unamended samples was observed

during the incubation period from any of the oiled sediments. With added

nitrate there was no statistically significant difference between oiled and
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Table 36. Production of N20 by sediment slurries from various regions
of the Alaskan continental shelf

Mean N O production (nmol/g peraday)
Region Sampling date f;om slurries incubated in :

R RN RNB
Beaufort Sea Aug. 1978 113 } 184 (129)

Upper Bering April 1979 0.2 (0.2) 71 (51) 106 (72)
Sea

Upper Bering- June 1980 0.04 (0.06) 20 (20) 22 (23)
Chukchi Seas

Norton Sound Aug. 1979 0.1 (0.2) 181 (85) 197 (104)

Navarin Basin May 1980 0.03 (0.07) 15 (9) 41 (32)

Cook Inlet May 1979 0.7 (0.8) 62 (31) 163 (107)

Gulf of May 1979 0.6 (0.6) 21 (14) 84 (69)
Alaska-lower
Bering Sea

a
Standard deviation is given in parentheses.

Table 37. Effects of crude oil on nitrogen fixation and denitrification

Region Sampling Exposure Control Experimental
date time

aElson Lagoon Jan. 1980 1 wk 200 <4
Jan. 1980 24 mo 100 <4
Aug. 1979 8 mo <4
Aug. 1979 16 mo : <4
May 1980 5 mo <4 <4
May 1980 28 mo <4 <4

b Elson Lagoon Jan. 1980 1 wk 46.3 48.8
Jan. 1980 24 mo 56.3 55.2
Aug. 1979 8 mo 166.3 179.2

>.4U9. 1979 ‘“ 16 mo 166.3 190.9
May 1980 5 mo 58.6’ 80.1
M6y 1980 28 mo 58.6 50.1

aValues for denitrification in unamended samples (picograms of N20
produced per gram per hour).

bValues for denitrification  in N03-amended samples (nanograms of N20
produced per gram per hour).

384



unoiled sediments; i.e., denitrification potentials were not altered by

exposure to oil.

Oil biodegradation - potential activities

Beaufort Sea

In the Beaufort Sea, natural biodegradation potentials measured with

[14 C]hexadecane were significantly higher in winter-spring than in summer-fall

samples (Table 38). The natural biodegradation potentials in the Beaufort Sea

summer-fall samples were almost nil,

Cook Inlet - Gulf of Alaska

ldater samples collected in Cook Inlet had low natural biodegradation potentials

in both spring and fall (Tables 38 and 39). Somewhat higher natural

biodegradation potentials were found in Cook Inlet sediment in summer-fall

samples than in winter-spring samples. Natural biodegradation potentials were

rot higher in beach or nearshore samples than in offshore samples. The

winter-spring northeast Gulf of Al~ska natural biodegradation potentials were

higher than in any of the other subarctic samples.

In Cook Inlet, natural biodegradation potentials followed the order

naphthalene  > hexadecane > pristane ~benzanthracene  (Fig. 13). Natural

biodegradation potentials for pristane  and benzanthracene were often zero. The

non-nutrient-limited biodegradation potentials followed the order hexadecane  >

naphthalene >> pristane > benzanthracene. In almost all cases, the removal of

nutrient limitation resulted in higher biodegradation potentials for hexadecane

and naphthalene, but not for pristane or benzanthracene.

The gas chromatogrophic analysis of residual oil from selected samples

showed a significant correlation (r = 0.83) between the biodegradation

potential based on hexadecane and the amount of oil remaining (Fig. 14). The

biodegradation potentials for naphthalene,  pristane, and benzanthracene did not.
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Table 38.
14

Natural biodegradation potentials based on [ C]hexadecane

cpriI of 14C0, produced
Source Sample Mean Standard “ Range No. of

deviation samples
Beaufort Sea

April 1976 Ice 1,321 1,009
April 1976 Water 4,803 4,196
April 1976 Sediment 4,546 3,096
Aug.-Sept. 1976 Water 63 100
Aug.-Sept. 1976 Sediment 137 126

50-3,000 16
100-13,500 16
160-11,000 14
0-400 15
50-450 12

Northwest Gulf of Alaska
Oct. 1975 Water 575 250
Oct. 1975 Sediment 2,000

Northeast Gulf of Alaska
March 1976 Water 4,925 1,955
March 1976 Sediment 5,485 1,920

Cook Inlet
Oct. 1976 Water 369 261
Oct. 1976 Sediment 1,850 1,560
April 1977 Water 468 300
April 1977 Sediment 563 394
Nov. 1977 Water 37 58
Nov. 1977 Sediment 8,420 8,370

400-750 3
2,000 1

2,000-8,000 17
2,100-9,300 15

50-1,000 13
100-4,750 10
50-1,200 20
100-1,100 12
0.02-210 16
23-20,000 8
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Table 39. Mirwal  izaticn of hydmmbons frun representative ~les COI Iected in Cuok Inlet during 6
M incubation.

SPRING FALL
site hexadecim pristane  naphthalene  benz- hexadecane  p r i s t i n e  na~thalene benz-

anthracene antiracene
105 0 . 3 - 1 . 9 : 4.3$$ 0.3-1.9% 4.3% 0.3-1.9% CO.X% 4.3% 4.377
1(X 0.3-1.977 4.3% 0.3-1.9% 4.3% 0.3-1.9% 4.3% 0.3-1.9?? 4.3%
204 5.0-10.022 4.3% 0.3-1.S%  d.?? 0.3-1.YA 4.3%
205 5. O-10.O% 4.3% 0.3-1.% 0.3-1.9% 4.3?4 4.3% 4.3?? d.3%
206 2.04.9% -43.3% 4.377 4.3% 4.31 d.w: 4.3% 4.3$$
212 0,3-1.9% 0.3-1.9% 0.3-1.9? 41.YL 4.3?1 d.YJ 4.3% 4.3??
214 2.0-4.!%1 2. O-4.9% 2.04.974 0.3-1.94 d.YJ d,% d.3% 4.3%
215 2.04.91 4.3% 0.3-1.94 d.37A 4.3% 4.3% 4.377 4.3?1
225 0.3-1.9% d.37i 0.3-1.9% 4.377 0.3-1.9$$ 4.3% d.3% eO.3%
226 a .X 0.3-1.9% 2.04.9% 4.3% 0.3-1.9A 4.3% o.3-l.9% 4.3%
227 5.0-10.0% 4.3%i 0.3-1.9% 4.3% 0.3-1.9% 4.31 0.3-1.9% d.37;
229 5.0-10.0% 4,377 0.3-1.9% 4.370 2. O-4.9% 4.3% 0.3-1.9% 4.3%
295 5. O-10.(X 0.3-1.9% o.3-l.9%1 4.3% 4.3% 4.3% 4.% 4.371
265 >lPL 4.3% 0.3-1.9% d).3% 0.3-1.9?? 0.3-1.YL 4.377 d.3%
266 5. O-10.(X 0.3-1.97: 2.0-4.9% 4.3% 43.3% 4.3% 0.3-1.92 4. 3?4

105
106
204
205
205
212
214
215
225
227
229
295

2.04.9%
4.32
5.0-10.0%
d.3?:
d.3%
2.0-4.9%
2.04.9%
2.04.9%
5.0-10.0%
>10%
2.04.92
2.04.9%

4.3%
4.3%
0.3-1.9%
CO.377
4.3??
4.31
0.3-1.9??
4.3%
4.3%
0.3-1.9%
0.3-1.9%
4.3?;

0.3-1.977
0.3-1.9%
2.04.9%
4.3%
4.3%
2.04.9%
2.04.9%
0.3-1.9%
0.3-1.9%
2.0-4.%;
2.0-4.9%
2.0-4.9%

4.3%
0.3-1.9%
4,3%
4.3%
d.37i
4.3%
4.3%
4.3%
4.3%
4.3%
d.3!&
4.3%

4.3%0
4.3%
4,3%
4.3%
4.3%
d.3?A
4.3%
4.YA
o.3-l.9%
0.3-1.%
0.3-1.9%
4.3%

4.3%
43.3??
4.3%
4.3%
4.3%
4.3%
d.YL
4.3??
0.3-1.9%
0.3-1.9%
0.3-1.9??
4.31
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show significant correlation with the amount of oil remaining. Low

biodegradation potentials were found for these three substrates even when gas

chromatography showed extensive losses of resolvable hydrocarbons.

Bering Sea

The data

pristane, and

in Table 40 shows the biodegradation potentials for hexadecane,

9-methyl anthracene for indigenous microbial populations in

various regions of the Bering Sea, including within Norton Sound; variability

of replicate determinations for any of the parameters on a given sample was

less than 10% of the mean.

The biodegradation potentials for representative hydrocarbons reflect the

low bacterial populations in regions of the Bering Sea. Results from over 60%

of the samples collected showed no biodegradation of hexadecane, pristane, or

9-methyl anthracene in water samples. In the remaining cases, often only fl-C16

was degraded under the conditions of the experiment. In the northern Bering

mean biodegradation potentials were 1.7% for~-C16 in water and 7.2% in water

samples from the north Aleutian She?f. Other hydrocarbons were degraded

minimally or not at all. The most extensive biodegradation of hydrocarbons

was found in the near shore sediments of the north Aleutian Shelf in winter.

The second most extensive degradation was found in the northern Bering Sea in

winter followed by the same area in spring.

Table 41 shows the summary results of detailed analysis of radiolabelled

biodegradation experiments. Hydrocarbons from the biodegradation potential

experiment vials were extracted after 14C-C02 were collected and fractioned

into undegraded and degraded components. The results indicate that only

hexadecane was mineralized extensively within the three week incubation period

of the experiment, with a maximum of 56% of added 14C-hexadecane  being
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Table 40. Hydrocarbon biodegradation potentials.

North Bering Norton Sound Mid-North South Bering South Bering
Sea Bering Sea Sea Sea

April 1979 Aug. 1979 May-June 1980 Aug. 1980 Jan. 1981

Biodeg.
Potentialo

Biodeg.
Potential
c
SL8imQnt

Biodeg.
Potential
Pristane
Water

Biodeg.
Potential
Pristane
Sediment

Biodeg.
Potential
9-Methyl-
anthracene
Weter

Biodeg,
Potential
9-Methyl-
anthracene
Sediment

1*7 ~ ● 5 - 0.0 0 7.2 k 7.3

2.7 t 3.8 - 1.2 f 6.6 0 11.8 f 6.4

Ocl fool - <0.1 0 0

0.2 f 0.07 -

<0.1

<0.1

0

0

0

1.3 f 1.8

0

<0.1 0 0.2 : 0.6



mineralized. The portion of the hexadecane that was chemically modified ranged

from 2 to 62%, indicating that microorganisms were either incorporating

hexadecane  into cellular components as a polar compound or were not degrading

hexadecane as an energy source.

The other substrates examined for biodegradation; pristane, 9-methyl

anthracene, and benzanthracene were mineralized to a maximum of 3%. However,

even when extensive mineralization was not detected, these substrates sometimes

were degraded to polar compounds to a significant extent. Pristane was

degraded from 2 to about 20%, 9-methyl anthracene was degraded from 1 to 13%

and benzanthracene  was degraded from 0-4%. These results indiate that

petrGleum  added to the Bering Sea can be degraded but complete mineralization

to C02 and H20 will be a slow process.

Oil weathering - microbial biodegradation of petroleum hydrocarbons

Beaufort Sea - in situ exposure

The total microbial biomass remained relatively constant, ca 5 x 108

bacterial cells/g dry wt sediment, during the 2 years of exposure to petroleum

hydrocarbons (Table 42). During the exposure period there was a slow, but

significant increase in the concentration of hydrocarbon utilizing

microorganisms and the proportion of the total microbial community comprised of

this specialized group (Table 42). Many months were required before a

substantial increase in numbers of hydrocarbon utilizers was noted. Numbers of

hydrocarbon utilizers in unoiled control sediments never exceeded 100 per gram

dry wt at any of the collection times.

The nutrient concentrations over the experimental period were relatively

low: ammonium ions, 85 I.IM * 45 (mean * standard deviation); nitrate-nitrite

ions, 2.9 PM f 0.7 phosphate ions, 6.6 PM f 3.0. The C:N and C:P ratios at the

beginning of the experimental period both were approximately 40000:1 and



Table 41. Analysis of hydrocarbons extracted from biodegradation
potential vials.

August 1980 January 1981

range mean t S. dev. range mean t S. dev.

Hexadecane
mineralized ().y~ 2 2 0-56 14 14
degraded 2-22% 8 5 2-62 21 16

Pristane
mineralized O-1 0 0-3
degraded 2-23 7 i 2-18 : :

9-methyl
anthracene
mineralized O 0 0-2 1
degraded 2-13 6 i 1-13 5 :

Benzanthracene
mineralized - 0-1 <1 <1
degraded - 0-4 1 1

Table 42. Enumeration of total and hydrocarbon util izing microbial populations.

Exposure Direct MPN % of Hydrocarbon
Time Count Hydrocarbon

(# x lo8/g)
utilizers in total

Utilizers
(#/9)

population

o 4.9 30 6.1 X 10j
0.5 h 4.7 40 8.5 X 10-6
72 h 4.5 40 8.9 X 10-5
1 mo 5.0 210 4.2 X 10-5
4 mo 420 6.8 X,10-4
8 mo ;:: 2100 4.4 x 10-4
ly 5.3 2100 4.0 x 10-4
1 1/2 y 5.1 2800 5.5 x 10-3
2 y 5.9 24000 4.1 x 10



20000:1 respectively. This ratio decreased only slightly as the hydrocarbon

concentration declined, the N and P concentration remaining relatively constant

during the experimental period. Oxygen concentrations were not measured.

However, the coloration of the upper 1 cm was light brown and was colonized

with polychaete worms, indicating that this upper layer was probably aerobic.

Bioturbation by polychaete worms has been reported to be a mechanism through

which oxygen is introduced into sediment to support hydrocarbon biodegradation

(Gordon et al., 1978). Beneath this surface layer the sediment was uniformly

gray (but not black), which is probably indicative of a reduced oxygen tension.

It should be noted, however, that color and the presence of sediment fauna may

be poor indicators of 02 availability (Sorenson et al., 1979; Revsbeck et al.,——

1980). Temperature during the exposure period was between 4.0°C and -1.8”C.

The concentration of resolved aliphatic  and aromatic hydrocarbons was

highly variable (Table 43). The oil appeared (visually) to have been trapped

in pockets within the sediment; the oil clearly ws not uniformly distributed,

although it had been thoroughly mixed into the sediment at the start of the

experiment. There was a relatively high degree of variability between

replicate samples and between the various early sampling times (shown by the

high standard deviation values), which probably reflects and confirms the

uneven redistribution of hydrocarbons within the sediment.

Only after 1 1/2 years of exposure was there a significant decrease in the

heptadecane:pristane ratio. This drop in the~-alkane/isoprenoid  hydrocarbon

ratio was reproducible. This ratio is an index of biodegradation since

alkanes are usually degraded by microorganisms more rapidly than highly

branched isoprenoid  alkanes. A C17:pristane ratio of <1 was considered

clear evidence for biological weathering of the Prudhoe Bay crude oil.

normal
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Table 43. Weight of resolved aliphatic  and aromatic hydrocarbons and
c :pristane ratio showing mean and standard deviation values in
p~{entheses.

Exposure Aliphatics Aromatics Heptadecane
Time pgig drywt Vg/g drywt Pristane

Prudhoe ----- ----- 1.16 (-)
crude

o
0.5 h
24 h
48 h
72 h
7 d

14 d
21 d
28 d
3 mo
4 mo
8 mo
1 l/2y
2 y

;(): p;)

y; [:;;)

630 (88)
178 (56)
236 (50)
337 (175)
120 (27)’
153 (46)
314 (194)
::; [;;;)

100 (8)

1.15 (0.04)
1.14 (0.03)
1.20 (0.11)
1.16 (0.09)
1.15 (0.04)
1.25 (0005)
1.19 (0.07)
1.23 (0.04)
1.37 (0.08)
1.28 (0.29)
1.09 (0.13)
1.19 (0.11)
0.86 (0.08)
0,67 (0.15)
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The detailed analyses of the aliphatic and aromatic fractions showed a

lack of both abiotic and biodegradative weathering of the oil until after one

year’s exposure (Figs. 15 and 16). Low molecular weight alkanes (ca

C9-C10) and aromatics (unsubstituted  naphthalene)  remained in relatively

constant concentrations relative to higher molecular weight compounds during

the first year of exposure. Following 1 year’s exposure, alkanes of chain

lengths C17 declined in concentration relative to both pristane and

~-alkanes~C18  (Fig. 15),

There was an enhancement of alkanes~C18 relative to pristane in the

samples collected following 1 year’s exposure. Following several months of

exposure there was a relative decline in the proportion of the naphthalene

series in the aromatic fraction; higher molecular weight aromatic compounds of

the phenanthrene  and dibenzothiophene series did not decline in concentration

as rapidly (Fig. 16).

Bering Sea - microcosm exposure

Slow rates of hydrocarbon biodegradation in the Bering Sea were indicated

in the laboratory experiments as shown in Figures 17, 18, and 19 which

illustrate the results of chemical analysis of a long term flow through oil

biodegradation experiment. In no case was any significant change in the ratios

of aliphatic  compounds to pristane  observed over the six week period of

incubation. The total concentration of recoverable aliphatic compounds did

decline by about 75% primarily due to abiotic factors such as evaporation and

wash out from the incubation vessel. The nutrient sclution was forced to flow

through the sediments due to the design of the experimental apparatus.

Analysis of the aromatic fraction of the hydrocarbon extracts showed both

a decline in concentration as well as a change in ratios of various aromatic

hydrocarbons to C2 phenanthrene. The concentration of C2 phenanthrene declined
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Fig.lg. Simplified histogram presentation of gas chromatographic  - mass
spectral analysis of f and f fractions extracted from a sandy
sediment. “h GConcentrate ns of elected alkanes shown relative to
pristane. Concentrations of selected aromatic compounds shown
relative to C phenanthrenes (high relative concentrations are

8shown as a br ken bar wiht the ratio shown numerically above the
bar. The absolute concentrations of pristane and C phenanthrene

zare given as ppm (shown numerically above the respe tive bars)
permitting the calculation of the absolute amounts of the other
compounds. Pr = pristane;  Ph = phytane; numbers on X axis refer to
chairl lengths of ~-alkanes;  N = naphthalene;  P = phenanthrene;  DBT
= dibenzothiophene; F = fluorene; and BENZ = benzanthrene;  C , C2,

Aand C3 refer to the degree of alkyl substitution of the arom tic
compounds.
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Fig.1~. Simplified histogram presentation of gas chromatographic- mass
spectral analysis of f and f fractions extracted from a silty
sediment. “h cConcentrate ns of elected alkanes shown relative to
pristane. Concentrations of selected aromatic compounds shown
relative to C phenanthrenes (high relative concentrations are
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= dibenzothiophen~;  F = fluorene; and BENZ = benzanthrene; C , C2,

Aand C3 refer to the degree of alkyl substitution of the arom tic
compounds.
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over the period of the experiment about 75 to 85%. The compounds showing the

greatest change in concentrations relative to C2 phenanthrene were naphthalene,

c ~, C2, and C3 substituted naphthalene. Very little change was observed in the

ratios of phenanthrene, substituted phenanthrenes, dibenzothiophenesj

fluorenes, or benzanthracene to C2 phenanthrene. The decline of the

naphthalene series relative to C2 phenanthrene is probably due to dissolution

in water as well as biologic degradation. Naphthalene and substituted

naphthalenes  are more soluble in water than phenanthrene or substituted

phenanthrenes and would more easily wash out of the incubation vessels than

higher molecular weight aromatic compounds.
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VII D i s c u s s i o n

ENUMERATION OF MICROBIAL POPULATIONS

The enumeration data present a paradox. Why are numbers of viable

bacteria higher in the Beaufort Sea than in subarctic seas overlying the

Alaskan Continental Shelf? While the current studies do not provide any

definitive answers it may well be that at the low temperatures of the surface

waters of the Beaufort Sea bacteria survive for pro”

the difference between the direct and viable counts

representing dead and dying bacteria.

TAXONOMY OF INDIGENOUS MICROBIAL POPULATIONS

Bacteria in the Beaufort Sea

onged periods; accordingly

may be interpreted as

The Arctic Beaufort Sea, like other polar seas, is characterized by low

temperatures, extensive ice cover, constant sunlight during summer and constant

darkness during winter. Bacteria in the Beaufort Sea are adapted to these

extreme environmental conditions. Our isolates clearly showed adaptation to

growth at low temperatures. Of the 4°C. isolates, 25% were obligate

psychrcphiles unable to grow above 15”C. The remainder of the 4°C isolates and

all of the 20°C isolates were psychrotrophs; 95% of these could not grow at

37”C. In comparison to our findings, McDonald et al. (1963) found 31% of their— .

isolates from Canadian Arctic sediments could grow at O°C but not at 25CC. In

studies in the Antarctic Ocean, Wiebe and Hendricks (1974) found 37% of their

4°C isolates could not grow above 15°C and Morita (1975) reported that 35?; of

his isolates cculd not grow at 20°C. Thus, the Arctic and Antarctic seas are

dominated by psychrotrophs and have a high incidence of obligate psychrophiles.

Nearshore areas of the Beaufort Sea show large seasonal  fluctuations in

s a l i n i t y . Summer freshwater input and ice melt result in low salinities.

Freezing out of salts during winter ice formation results in hypersaline layers

which move to the bottom. Most of our isolates could not- grow with added NaC1.
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The optimum salt concentration was 3% (w/v) NaC1. Most of the 20°C isolates

tolerated a wide range of salt concentrations, but many of the 4°C water

isolates were restricted to near 3% (w/v) NaCl for growth.

We are not certain why so many strains were oxidase-negative. It is

possible that test conditions, e.g. age of cultures, affected the results.

Using identical methods in a number of other studies, we have observed much

higher proportions of oxidase-positive organisms.

All isolates were facultative anaerobes by the agar-butt stab method. The

oxidative/fermentative metabolism tests on MOF medium were used to distinguish

aerobes from facultative  anaerobes.

Pigmentation can protect bacteria against the lethal effects of intense

solar radiation (Mathews and Sistrom, 1959). A very high proportion of the

bacterial isolates obtained from surface waters at 4°C were pigmented; it is

possible that the orange or yellow pigmentation is an adaptive protective

mechanism for Beaufort Sea bacteria exposed to intense sunlight during the

Arctic summer.

An unexpected finding was that most bacteria required vitamins or more

complex growth factors. The probable source of nutrients for Beaufort Sea

bacteria is primary producing phytoplankton. The annual spring bloom of

under-ice algae is probably the prime source of nutrients for bacterial growth

(Homer and Alexander, 1972). Phytoplankton  are known producers of vitamins

and amino acids which can supply bacterial growth factor requirements (Carlucci

and Bowes, 1970; MacLeod et al., 1954; Burkholder and Burkholder, 1956). Some

flavobacteria  have complex requirements for vitamins and amino acids (Prince et—

jll_.  , 1954; Prince and Cleverdon,  1955; Weeks and Beck, 1960).

The cluster analyses and comparison with previously described taxa

indicate that the dominant bacteria of the Beaufort Sea are quite different
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from those found in temperate marine environments. Nest of the phenotypic

clusters could be tentatively classified as members of genera which are listed

as of uncertain affiliation in Bergey’s Manual (Buchanan and Gibbons, 1974).

Pseudomonas species, which are often found to be a dominant genus in marine

environments (Simidu et al., 1977; Pfister and Burkholder, 1965; Murchelano and

Brown, 1970), did not comprise a large proportion of the Beaufort  Sea bacteria.

We did find several clusters

found in high proportions in

1973, 1974; Lovelace et al.,

of presumed Vibrio species; such species have been

temperate marine environments (Kaneko and Colwell,

1967; Cook and Goldman, 1976). Flavobacteria  are

usually not the dominant taxa in temperate marine ecosystems. In Chesapeake

Bay, Lovelace et al. (1967) found 56% Vibrio, 18% Pseudomonas and 6%——

Flavobacterium  species. In Antarctic marine waters, Pfister and Burkholder

(1965) found Pseudomonas species to be dominant and pigmented bacteria to

comprise a low proportion of the bacterial population. The latter study, in

another polar marine environment, contrasts with our findings.

With respect to the genera represented in our cluster analyses, the

species were psychrophilic or psychrotrophic. In many cases these may

represent new species. The environmental conditions of the Beaufort Sea have

apparently resulted in selection of heterogeneous bacterial taxa that are

uniquely adapted as members of the bacterial community capable of survival and

proliferation in these ecosystems.

Gulf of Alaska Isolates

The dominant Moraxel la-Acinetobacter populations found in the Northeast

Gulf of Alaska were absent from the Northwest Gulf of Alaska. Indeed, while

Acinetobacter and Moraxella strains are readily isolated from marine habitats,

they have not previously been found as dominant marine bacterial populations.

Some caution must be used in comparing and drawing firm conclusions about
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regional differences in species compositions in Alaskan Outer Continental Shelf

areas since samples were collected at different times in each area; caution

shou

stud

d also be used when comparing the sizes of populations in these different

es since different numbers of isolates were used in each study.

As in the Beaufort Sea (Kaneko et al., 1979), there were several clusters

that were equated with Vibrio-Beneckea species and there was a notable lack of

Pseudomonas strains in both the Northeast and Northwest Gulf regions.

Vibrio-Beneckea species, which are commonly found in marine ecosystems (Kaneko

and C~lwell, 1973, 1974), were frequently identified in this

repeated failure to find dominant populations of Pseudomonas

be an artefact of isolation procedures since, using the same

study. The

is not likely to

basic medium

marine agar 2216, ZoBell and colleagues (ZoBell and Upham, 1944; Zo6ell, 1946)

isolated numerous Pseudomonas species in the Pacific between Hawaii and

California. Simidu et al. (1977) also isolated——

Pacific Ocean.

A general feature of the isolates from the

Pseudomonas species from the

Northeast Gulf of Alaska is

their eurytolerance to temperature, salt and pH; most isolates grew at 5 to

37CC, 0.5 to 10% NaCl and pH values of 6 to 10. There was a high incidence of

diverse pigmented bacteria (44% of total isolates) in this region, many of

which formed single-membered clusters; this finding is similar to our

observations in other Alaskan Continental Shelf regions. Some are undoubtedly

flavobacteria, but some of these pigmented bacteria may be coryneforms  (Keddie,

1978); difficulties in identifying marine members of the coryneform group have

been discussed by Bousfield (1978). There appears to be a spatial

discontinuity in the distribution of Microcyclus  species; this genus is common

to the contiguous region of the Northwest Gulf of Alaska, Bering Sea and Arctic

Ocean, but not the Northeast Gulf of Alaska.



A surprisingly high proportion of the isolates from the Northwest Gulf of

Alaska appear to be ‘true marine bacteria’ as shown by their salt requirements.

Most of the organisms isolated from this region possess the features of

autochthonous marine microorganisms. Most isolates are psychrotrophs capable

of growth over the full range of temperatures that occur in surface and bottom

water layers of these habitats. No obligate psychrophiles  were found. There

is no universal definition for a true marine bacterium. ZoBell (1961, 1963)

considers a marine bacterium to be one which, on initial isolation, grows in

full-strength seawater (3% NaCl), but not at one-quarter to one-third the

osmotic pressure of seawater. Bacteria which, on initial isolation, are

restricted to growth at or near 3Z NaCl and which grow in the range of O to

20°C were considered to meet the requirements of true marine bacteria. Other

eurytolerant  bacteria exist quite well in marine ecosystems as evidenced by the

large number of such organisms isolated, but it is virtually impossible to

classify such bacteria as truly marine since they could also exist in

terrestrial and freshwater ecosystems. It is best to consider such organisms,

which are able to grow in seawater under ambient conditions and which are

isolated from marine ecosystems, as indigenous marine bacteria; they are

functionally marine bacteria if not indeed true marine bacteria.

There was a lack of dominant population in the Northwest Gulf of Alaska.

Rather, the populations in this region were very diverse and most organisms

formed single-membered clusters. There was a relatively high mortality rate

among these original isolates as evidenced by the reduction from the original

25 isolates from each station to those used in the analyses. We attribute this

loss of viability in part to the complex nutritional requirements shown by many

of the isolates which may not have been met during subculturing. The more

stringent nutritional requirements of the Northwest Gulf isolates, compared
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with the Northeast Gulf isolates, are interesting to note; they probably

reflect regional differences in nutrient availability.

Many of the pigmented isolates, which comprised 37% of the strains

included in the cluster analysis, formed single-membered clusters. The

incidence of pigmented bacteria in the Northwest Gulf of Alaska was somewhat

lower than in the Northeast Gulf and higher than has been reported for some

temperate marine waters

tentatively identified,

have also been found in

(Lovelace et al., 1967). Microcyclus species were——

based on morphology, near the Aleutian Islands; they

the Beaufort Sea (Kaneko et al., 1979) and Bering Sea

(unpublished data) but not in the Northeast Gulf of Alaska.

The strains examined in this study show a heterogeneity of features that

does not permit a clear separation of genera based on the use of individual

‘key’ phenotypic features; this is evidenced by the spectrum of features found

for isolates that appear to be Moraxel la-Acinetobacter species. Problems with

relying on a single feature for determining taxonomic status are illustrated in

this study, e.g. the reliance on yellow-orange pigmentation for classification

of Flavobacterium species and on a negative oxidase test for classification of

Acinetobacter.

The results of the catalase tests present a particular problem in

classifying several phenetic groups in this study. The only Gram-negative,

catalase-negative  strains described in Bergey’s Manual of Determinative

Bacteriology are included in the genus Derxia (Becking, 1974), While the

relationship of strains isolated from the Gulf of Alaska to the genus Derxia

cannot be positively excluded, the features of the catalase-negative strains

from the Gulf of Alaska do not resemble those in the description of Derxia

gummosa. The catalase-negative isolates could represent a new group of generic



rank, but it is not possible to make this conclusion based largely on this

phenotypic feature which may be of dubious taxonomic  value.

This study highlights the difficulties in classifying bacteria from

diverse habitats, which have been poorly studied, even when a large number of

phenotypic features are considered. Many of the isolates examined in this

study could not be identified.

The failure to recover reference strains within phenetic clusters makes

identification of the Gulf of Alaska isolates difficult. The reference strains

were selected because they represent genera normally reported for marine

ecosystems. Most of the ATCC strains selected as reference strains were

originally isolated from marine ecosystems, many from the Pacific Ocean near

the Gulf of Alaska regions sampled in this study. In retrospect, it is not

surprising that ATCC reference strains from temperate regions of the Pacific

Ocean would not be included in phenetic clusters containing strains isolated

from sub-Arctic Gulf of Alaska ecosystems. Most of the ATCC strains included

in constructing the probabilistic identification matrices are not marine

isolates and would not be expected to show a high similarity with marine

isolates from the Gulf of Alaska. Species distribution appears to be quite

different between the Northeast and Northwest Gulf of Alaska regions as well as

between these regions and elsewhere in the Pacific Ocean and in other Alaskan

Continental Shelf regions. Many new ‘species’ or genera probably exist within

the Gulf of Alaska and other northern marine ecosystems.

Probabilistic Identification of Bacteria from Alaskan OCS regions

The work on the numerical taxonomy of bacteria from the Gulf of Alaska

dealt with the difficulty in identifying a clear separation of genera based on

the use of arithmetically defined key features. An identical problem was

encountered in the attempts to select key features for use in the development

407



of the primary identification matrix (super-matrix). The results of several

attempts to separate the represented groups based on several different

combinations of group agglomerates, consistently failed to yield clear

separations of the groups represented. Growth at various concentrations of

NaCl, at various temperatures, at differing pH values, and the distribution of

pigmented bacterial strains were cited as important discriminants  for the

differentiation of Gulf of Alaska isolates by Hauxhurst et al. (1980);

similarly the work by Kaneko, et al. (1977, 1979) support the use of the above

parameters for grouping marine bacteria from the Beaufort Sea. The requirement

for NaCl separates marine from non-marine bacteria and growth at 25°C separates

psychrophilic-psychrotrophic from mesophilic populations. One might argue that

the subjective selection of these characters violates the assumption of lack of

bias in qualifying groups on the basis of arithmetically determined separators.

However, these features were used to divide the spectrum of taxonomically

defined groups into subsets of workable sizes. Subsequent choices of highly

discriminant characters within subgroups were based on the arithmetically

determined measures of separation values, character correlation and redundancy.

Since success of identification procedures depends on minimizing errors we

should consider the sources of potential error in the procedures used in this

study. Error may result from: data acquisition, poor sampling of the phenetic

hyperspace, shortcomings of the clustering algorithm, and inappropriate

threshold levels for probabilistic identification (Sneath and Sokal, 1973).

Hau)

iso”

the

and

burst et al. (1980) found a testing error rate of 3% for Gulf of Alaska

ates at isolation temperatures of 5°C and 20°C. The total error rates for

super- and sub-matrix and inclusive schema described in this study were 8%

7%, respectively, for lenient identification thresholds of ID score equal

to 0.970 and R score equal to 0.001. If the inherent testing error rate
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suggested by I-lauxhurst,  et al. (1980) holds for the testing of Alaskan— .

outer-continental shelf marine isolates in general, the proportion of

unexplained error is only 5% for the super- sub-matrix procedure and 4% for the

inclusive matrix, the residual 3% error being due to errors in the test

procedures employed to acquire the data.

In considering the source of this residual error we must note that

individual group feature probabilities contained in the computer matrix

represent the expected probability that a member of that group will give a

positive reaction for the particular feature. Modal strains used in the

construction of the matrices do not consider the biological outliers. Although

an individual strain may be shown to be most similar to group “X”, for example,

the strain may be a peripheral member of the other strains contained in group

II IIx . Thus, the peripheral strain is likely to exhibit low likelihood scores

with group “X” during identification attempts, especially since the character

set en which similarity was originally estimated had been significantly

reduced. Of the four strains assigned to wrong groups and falling above the

identification threshold criteria after the super-matrix, two strains may be

labeled as peripheral strains of large OTU’S; similarly, two of the three

strains mis-identified by the inclusive scheme may be labeled as peripheral

members of large OTU’S. The remaining mis-identified strains contained large

amounts of missing data.

We also note that the choice of the particular ID and R thresholds to be

used as conclusive identification criteria is dependent on the purpose for

which the identification matrices are employed. Wayne, et al. (1980) used an

ID score threshold of 0.990 and an R score threshold ofO.01 for medically

important mycobacteria. However, the use of lower threshold criteria in this

study permitted a significantly higher identification rate for
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outer-continental shelf isolates with a concurrent increase in the

mis-identification  rate of only two additional strains over the

mis-identification  rate observed under the criteria set forth by Wayne. Under

strict identification criteria, identification and mis-identification  rates are

lowered. This may be the desirable situation in a medical diagnostic

laboratory as erroneous conclusions about the nature of a particular

microorganism may have serious consequences. In instances where human health

is not a consideration, however, lowering the identification criteria for

probabilistic identification methods may increase the efficiency of performing

taxonomic studies with only a slight increase in identification error rate,

i.e., lenient identification threshold criteria sometimes allows one to

sacrifice a slightly higher mis-identification  rate for correct identification

of a greater proportion of test strains.

Prior to this study, there has been no documented use of super- and

sub-n,at.rix arrangements for probabilistic identification methods. The results

herein bear out the conclusion that this type of arrangement permits a

considerable increase in experimental economy. The inclusive matrix alone

allows an 81% decrease in binary bits of information required for the proper

description of unknown bacterial strains. Use of the super- and sub-matrix

scheme for identification purposes requires a maximum 16% of the original set

of binary information. In a more practical sense, the super- and sub-matrix

scheme may require that as few as 18 tests be performed on a set of unknown

organisms for conclusive identification as compared to the 61 tests required by

the inclusive matrix and the 320 test originally conducted for each isolate.

If strains are isolated from diverse ecological habitats such that all six

combinations of super- sub-matrices become necessary for complete

identification, a maximum of 52 tests need to be performed for each strain; the
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practical difference between the 52 tests of the super- sub-matrix scheme and

the 61 tests of the inclusve scheme represents at least a nine-test economy.

Bacteria associated with edible crabs - potential human pathogens

The evidence indicates that certain bacteria from foreign contamination

sources, e.g. sewage, can become associated with crab tissues and survive in

the marine environment for prolonged periods. ~. coli, however, does not

survive in marine ecosystems, even when associated with crab tissues and thus

is a poor indicator organism for detectecting fecal contamination in these

It appears that as long as the crab is healthy

the shell and gill tissues. However, if the crab is

and/or dies the surface bacterial contaminants

the hemolymph to the muscle tissues. In such crabs

ecosystems. Other bacteria such as Klebsiella  and Vibrio species can survive

in association with crabs.

bacteria are restricted to

injured, becomes weakened,

rapidly penetrate throught

human pathogens can enter the muscle tissues. Several human pathogens were

isolated from c~’abs collected during 1975 in the vicinity of Kodiak Island.

Clearly at that time the crabs near Kodiak were contaminated with a source of

inadequately treated sewage. Our studies indicate that once crabs become

contaminated with human pathogens, the pathogenic bacteria remain viable in

association with surface tissues of the crabs; the pathogenic bacteria are

retained by the crabs as they migrate and when the crabs become ill or die the

bacteria migrate into the edible muscle tissues posing a potential human health

hazard.

DIVERSITY OF BACTERIAL COMMUNITIES

Beaufort Sea

The taxonomic  diversity studies are interesting in that they support

general ecological theory as evidenced, for example, by the lower diversities

in surface waters during winter when the communities are particularly stressed.
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They are also interesting in that, despite the high physiological versatilies

of the populations, the taxonomic  diversity reflects population shifts due to

environmental variations. Benthic communities which are exposed to less

variability in terms of abiotic parameters, i.e., are exposed to less

ecological stress, have higher diversities than surface water communities and

do not exhibit seasonal variability. Our studies indicate that bacterial

communities maintain a high state of diversity unless severely stressed; this

appears to be true of most ecosystems including Arctic marine ecosystems where

one might have predicted a greater degree of specialization, i.e., less

versatility. Of particular note is that Beaufort Sea ecosystems appear to have

a specified number of niches that vary seasonally in surface waters. The

formation of co~stal ice effectively removes bacterial populations from surface

waters and following the spring melt there is an annual successional process

that must reestablish the surface water bacterial community. Different

populations are included it? the community in different years, but the same

level of community diversity is achieved each summer. It is likely that random

recruitment determines which populations successfully occupy the niches of this

ecosystem and that parameters such as phytoplankton productivity (substrate

availability) and temperature (abiotic factors) determine the structure of the

stable climax community that develops.

The bacterial populations occurring in the surface waters exhibit definite

adaptations that enhance their ability to survive (Kaneko et. al, 1979),——

including a predominance of pigmented bacteria in surface waters during summer

when the bacteria are exposed to continuous sunlight; pigmentation protects

bacteria against the potential lethal effects of ionizing radiation. As with

taxonomic  diversity, the physiological tolerance and indices attest to the

diversity and versatility of the community. It is interesting that the
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bacterial populations of the Beaufort Sea

conditions to which they are not exposed.

maintain the ability to tolerate

Psychrophiles do occur in the

Beaufort Sea in higher proportions than in subarctic seas, but psychrotrophs

dominate even in this polar sea. The salinity tolerance indices suggest that

surface water populations are better adapted to low salinities and that benthic

bacterial populations are adapted to higher salinities. Benthic communities

are exposed to hypersaline waters produced when ice forms; the dense saline

waters sink to the benthos. In contrast surface communit ies are exposed to low

salinity surface waters in the spring from ice melt and river runoff.

The nutritional utilization indices suggest that these ecosystems are

phytoplankton driven, particularly during summer. This is evidenced by the

large number of carbohydrates that can be utilized by the bacterial

populations. During winter there is a shift toward utilization of

non-carbohydrate substrates, including carboxylic and amino acids, suggestive

of a shift to a detrital food web. The potential for utilization of particular

classes of substrates, as expressed by the nutritional utilization indices,

presumably reflects the natural patterns of substrate availability and

utilization in Beaufort Sea ecosystems. This hypothesis is substantiated by a

work of Griffiths and Morita (1981a, b) which shows that the ratio of glucose

to glutamate uptake ra tes  changes  dur ing  a  mar ine  phy top lank ton  b loom.  Dur ing

per iods  o f  l i t t l e  p r imary  product iv i ty ,  th is  ra t io  i s  close to 0.1; however,

during the height of the bloom, this ratio increases to 1.0; this shift

appears to reflect a change in the type of organic nutrients available to the

microbial community. During a bloom, the phytoplankton released carbohydrates

such as glucose which in turn can be utilized by the bacteria present.

The inability of the dominant

indicates that these are not major

populations to metabolize hydrocarbons

natural substrates and that a relatively
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long period of adaptation may be needed for the indigenous bacterial

communities of the Beaufort Sea to respond to inputs of hydrocarbons resulting

from offshore oil and gas development in this region. The relative lack of

exposure of most of the bacterial comununities  of the Beaufort Sea to petroleum

hydrocarbons also is shown by the low numbers of hydrocarbon utilizers. Indeed

studies have shown that petroleum biodegradation in Beaufort Sea ecosytems will

be s“

1978

Gulf

ow and that petroleum pollutants will persist (Atlas, 1978; Atlas et. al,——

Horowitz and Atlas, 1978; Haines and Atlas, 1982).

of Alaska

A high state of diversity was found to be a characteristic of bacterial

communities in the Gulf of Alaska; the maintenance of high diversity appears to

be an adaptive feature of subarctic marine bacterial communities. The measured

taxonomic diversity indices for Gulf of Alaska bacterial communities were

similar to those previously found for Arctic marine bacterial communities

during summer (Kaneko et al., 1977). Although seasonal differences in

taxonomic diversity were found in arctic waters, no significant seasonal

differences in taxonomic  diversity indices were found for bacterial communities

in subarctic Gulf of Alaska waters sampled in March and October. The

calculated Shannon diversity indices for Gulf of Alaska bacterial communities

were comparable to those reported by Martin and Bianchi (1980) (H’ 1 4) for

oligotrophic  marine waters of the French Mediterranean region (Martin and

Bianchi,  1980).

We have hypothesized that taxonomic  diversity of the heterotrophic

bacterial community would be lower in surface waters than in sediments due to

“stress” from irregular fluctuations of temperature and salinity, high light

intensities, and low concentrations of availab”

support this hypothesis since taxonomic divers”

e nutrients. This study may

ty in offshore waters was lower
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than in offshore sediments, but the difference was not statistically

significant indicating further studies conducted with larger numbers of

isolates will be needed to establish the validity of this hypothesis. In

Arctic marine ecosystems taxonomic diversity was significantly lower in surface

water than in sediment (Kaneko et al., 1977).——

We also have proposed that taxonomic diversity would be lower for

bacterial communities within intertidal habitats than for offshore communities;

this was not found to be the case. The regular tidal fluxes do not appear to

severely stress intertidal bacterial communities. Additionally, we have

postulated that there would be an inverse relationship between population size

and taxonomic diversity; high population sizes should reflect competitive

success of a limited number of populations. No significant correlation,

however,

bacteria”

The

was found between population size and” diversity for Gulf of Alaska

communities.

question of interpretation of diversity indices r,lust be raised. What

does a diversity index say about the commut}ity? Communities with low taxonomic

diversities are relatively homogeneous; they are specialized and generally have

low genetic heterogeneity. Communities with high diversities are heterogeneous

and have high informational content within the gene pool of the comnunity.

Although there is no simple relationship between community stability and

diversity, overly specialized communities are particularly susceptible to

disruption by environmental perturbations, whereas diverse corrununities are

better adapted for self-maintenance in fluctuating environments. Communities

existing under severe environmental stress generally are quite specialized and

thus have low diversities. From our experience, an H’ value of<3.O appears to

represent relatively “low” diversity for bacterial conununites,  indicative of



some form of environmental “stress”, which exerts selective pressure on the

bacterial community and results in the predominance of specialized populations.

Diversity indices have been used for assessing environmental stress caused

by pollution (Cairns, 1979; Patrick, 1963; Patrick et al., 1954; Pielou, 1975).——

Communities in ecosystems characterized by a lack of environmental variability,

e.g., in benthic deep ocean trenches , and those under natural stress, e.g. , in

polar ice caps, similarly, may have low diversities. High diversities are

expected for communities under biological accommodation. The diversity index

reflects the informational content within the community and the “status” of the

community, but does not define the specific causal factors responsible for

establishing a particular level of informational heterogeneity.

The Shannon Weaver index used in this study is a general diversity index,

i.e., it measures both the species richness (number of different “species”) and

the evenness (distribution of individuals within “species”) components of

divers”,ty. H’ is theoretically sensitive to the sampled population size,

especially when fewer than 100 representatives of the community are sampled.

Bianchi (paper presented 2nd Internation Microbial Ecology Symposium, Sept.

1980, I!arwich, England) has found, though, only relatively small differences

(<0.4) in H’ values for marine bacterial communities when the actual sample

size used in the calculation was varied between 20 and 150 strains. Because H’

is sensitive to changes in rare species, its use has been criticized (Peet,

1974; Pielou, 1975). In our study the selection of representatives of the

community (isolates) follows screening (plating), which eliminates rare

species; we thus are really calculating diversity of the major (dominant)

populations within the community. The random selection of isolates from

dilution plates also means that each individual in this study represents

between 102 and 105 organisms in the original sample, depending on the
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concentration of bacteria in the sample. This fact can be used for justifying

the validity of the results of this study even though only a limited number of

strains were examined for each sample.

The selection procedures, however, raise an additional problem for

diversity measurements; all plating procedures are selective and thus exclude a

protion of the community from the study. We found that marine agar 2216 gave

higher counts than other media, including MSWYE and low nutrient media, for

these samples. We thus considered marine agar 2216 to be the “least

selective,” since it permitted growth of the highest proportion of populations

in the community of any of the media tested.

The equitability index (J’) estimates the evenness with which importance

is apportioned between species. Questions have been raised about the

appropriateness of using J’ unless the entire community is censused (Peet,

1974), an impossibility for bacterial communities. It has been pointed out

that J’ is serlsit-ive to changes in the number of speccies, especially if one

utilizes the actual number od species observed for calculating J’; in our study

the number of possible taxa in the community exceeds the sizes of the sampled

populations, and therefore the maximal diversity used in calculating the

denominator for J’ was based on the assumption that each bacterial isolate

could represent a different taxon; this assumption decreases the sensitivity of

J’ to small changes in the number of taxa observed.

The physiological tolerance indices devleoped  in this study assess the

abilities of the members of the bacterial community to grow under extreme

conditions and not just simply to survive. The high physiological tolerance

indices for Gulf of Alaska bacterial communities are somewhat surprising

considering the relatively low annual variations in temperature, salinity, and

pH which occur in these subarctic marine ecosystems. Most populations were
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quite tolerant of fluctuations in temperature, salinity, and PH, beyond the

limits to which they ever are exposed naturally. The lower salinity tolerance

indices in the western Gulf of Alaska compared to those in Cook Inlet and the

eastern Gulf correlate with expected areas of freshwater input; little runoff

should occur from the Aleutian Islands, while east of Kodiak Island there are

major river sources of freshwater. The salinity tolerance indices also

indicate that intertidal communities are more tolerant than offshore

communities to variations in salinity; this is adaptive since nearshore

communities are subjected to greater fluctuations in salinity than offshore

communities. The lack of statistically singificant  differences in

physiological tolerance indices between water and sediment communities may

reflect extensive turnover in the water column, which was suggested by the

temperature and salinity (density) measurements.

The nutritional versality  index (NT) developed in this study is

virtually synonymous with tt.e average carbonaceous compound index (UAI)

developed by Martin and Bianchi (1980), although different substrates were used

in determination of the two indices. Average UAI values for oligotrophic

Mediterranean waters were found to be approximately 40% (equivalent to an NT

value of approximately 0.40). Martin and Bianchi (1980) reported increases of

UAI values to 52-57% during peak phytoplankton bloom, i.e., higher UAI values

occurred during a period of organic enrichment than under oligotrophic

conditions. The mean NT value of 0.53 for offshore Gulf of Alaska waters is

somewhat higher than the UAI of 0.40 reported for oligotrophic Mediterranean

waters; direct comparison, however, is not possible in an absolute sense since

different substrates were used in the calculations. The higher NT values

found for Gulf of Alaska offshore sediment and intertidal communities than for

offshore waters support the hypothesis that low nutrient (“oligotrophic”)
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conditions support low nutritional versatility, whereas environments with

higher nutrient availabilities support bacterial communities with higher

nutritional versatilities.

Employing a large number of biochemically diverse substrates permits

factoring the nutritional versatility into utilization indices for individual

classes of compounds. The similar utilization indices for amino acids and

carbohydrates are noteworthy, as are the similar proportions of bacterial

populations exhibiting extracellular proteolytic and saccharolytic activities.

In other regions of the Pacific Ocean, proteolytic capacities have been found

to far exceed saccharolytic activities for bacterial populations (ZoBell,

1946). The nutritional utilization indices presumably reflect substrate

utilization patterns within the natural habitats of these communities. This

suggests that the bacterial communities may be deriving their energy from

phytoplankton-produced nutrients, which are rich in carbohydrates.

The maintenance of a high degree of informational heterogeneity is

characteristic of bacterial communities, even those occurring in relatively

stable environments such as marine ecosystems. It appears to be of adaptive

advantage to maintain the capabilities to tolerate physiological stress beyond

the range to which the habitat is ever subjected and to maintain a

nutritionally versatile community in marine ecosystems.

Ccok Inlet Bacterial Communities Isolated on High and Low Nutrient Media

The coricentration  of nutrients in the isolation media had a significant

effect on the diversity and characteristics of the bacterial populations

isolated in this study. The use of a high nutrient media has been extensively

used in marine microbiology (ZoBell, 1946b). ZoBell and others have found that

a nutrient rich medium supports the growth of higher numbers of marine

microorganisms than media of other composition (Carlucci,  1974; ZoBell, 1946b).
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The recognition that most true marine bacteria in the water column grow in a

nutrient deprived environment has raised questions as to whether low nutrient

media would be more appropriate for the isolation and study of marine bacteria

(Carl ucci, 1974; Carlucci and Shimp, 1974; Jannasch, 1967). It has been

recognized that high nutrient concentrations are inhibitory to the growth of

some marine bacteria and that such bacteria grow best at low nutrient

concentrations. Although many bacteria occurring in Cook Inlet grow on low

nutrient media, such media are more selective than high nutrient media, as

evidenced by the lower diversities of bacterial populations isolated compared

to nutrient rich media. The characteristics of bacteria isolated on low and

high nutrient media were significantly different, suggesting that the bacteria

isolated on the different media represent bacterial populations that occupy

different ecological niches within their environment. It is possible that in

natural marine ecosystems some bacteria are associated with nutrient rich

particles (e.g., detritus including dead organisn,s and excretions) while others

grow under conditions of near starvation (e.g., on the minimal concentrations

of dissolved organic carbon). The question of whether copiotrophic and

oligotrophic  bacteria are differentially distributed in the marine ecosystem

requires further study centering on whether the isolates obtained from marine

agar 2216 are particle associated and whether suspended particles constitute a

less variable habitat than the aqueous environment

While one might postulate that bacteria isolated on low nutrient media

would be able to grow only under greatly restricted conditions, this was not

found to be the case. The bacteria isolated on low nutrient media were

extremely versatile, being more tolerant to variations in salinity and pH and

nutritionally less fastidious than bacterial populations isolated on rich

media. The bacteria isolated on low nutrient media were eurytolerant  for
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various physiological parameters and were capable of metabolizing a large

number of organic substrates. The indigenous microorganisms of Cook Inlet

appear to be quite heterogeneous and adapted to growth over a wide range of

conditions that may naturally occur in both water and sediment in this region.

The lack of significant proportions of psychrophilic and stenohaline  bacteria

from any of the isolation media supports the contention that it is advantageous

for the indigenous bacteria to be versatile rather than specialized. A high

state of taxonomic  diversity within the bacterial community also appears to be

of adaptive advantage.

Interestingly, the inclusion of crude oil into both high and low nutrient

media did not alter the general properties of the isolates. A significantly

higher proportion, though, of bac te r ia  i so la ted  on  low nut r ien t  med ia  c o u l d

metabolize hydrocarbons compared to those isolated on high nutrient media.

Exposure to hydrocarbons may lead to changes in community composition in the

environment (A. Horowitz, M. I. Krichevsky and R. M. Atlas. 1979. Abstracts of

Annual Meeting of American Society for Microbiology, Q84) although Cook Inlet

crude oil did not exhibit selective toxicity when included in isolation media.

It has been reported previously that the overall nutrient balance rather than

the concentrations of specific organic compounds has the greatest effect on the

growth of some low nutrient bacteria (Poindexter, 1981). The inclusion of

hydrocarbons was not toxic to “low nutrient” bacteria even though the inclusion

of crude oil in the medium greatly elevated the concentration of organic

compounds.

Bacterial communities associated with Arctic amphipods

The lack of commensal microorganisms attached to the gut lining has been

previously reported for some marine invertebrates (Boyle and Mitchell 1978).

The gut of the isopod Limnoria lacks a resident microflora, but the surface of
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the animal has been found to be heavily fouled with microorganisms (Boyle and

Mitchell 1980). In contrast the copepod Acartia tonsa has both surface and

specific associated gut microflora  (Sochard et al. 1979). Boeckosimus affinis——

lacked microbial populations associated both with the surface of the animal and

the lining of the gut. The only microbial populations associated with!.

affinis were observed on the food particles in the midgut, on the anal plates

and on the faecal matter. It is not clear whether the amphipods were deriving

nutrition from the microorganisms on the food particles. There was no evidence

that the amphipods examined in this study possess a true normal gut microflora.

The lack of a surface microflora associated with ~. affinis is

interesting. The animals do burrow in sediment and should become fouled with

sediment particles and microorganisms. However, the animals used in these

experiments were captured on bait suspended in the water column and it is

unknown how long these animals had been swimming in search of food.

Microorganisms and sediment particles may have been removed during swimming or

during processing of the amphipods. Also, it is not known how long before

capture the animals had last molted which could have removed surface fouling.

The bacterial populations associated with the amphipods were not identical

to those previously reported for water and sediment in this region (Kaneko et—

al. 1979). Schwartz et al. (1976) similarly reported that the intestinal— ——

microflora of deep sea amphipods were not identical with water and sediment

isolates. Taxonomically, the dominant bacterial populations associated with

the amphipods ~. affinis appear to be in the Vibrio-Beneckea group (Bauman and

Bauman 1977; Leifson et al. 1964; Shewan and Veron 1974). Marine vibrios have——

been shown to be the dominant microorganisms in the gut of the copepod Acartia

(Sochard et al. 1980).— .
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The changes in diversity and equitability support the concept that during

captivity a successional process occurs in which the initially dominant

bacterial populations decline in importance and a less specialized and more

diverse bacterial community becomes associated with the amphipods. This also

is supported by the increases in the physiological tolerance ranges and

nutritional versatility indices of the bacterial populations. Our results

support a hypothesis that the microbial populations associated with Arctic

amphipods are in a continuous state of flux. The successional changes in the

dominant microbial populations associated with the amphipods may relate to the

feeding habits of the amphipods. It is likely that the microbial populations

will v~ry depending on what food sources the amphipods  ingest.

Exposure to petroleum resulted in a significant change in the microbial

populations associated with the amphipods. It appears that hydrocarbons

greatly accelerated successional changes within the microbial community

associated with these Arctic amphipods. When exposed to hydrocarbons the

dominance of vibrio-like organisms clearly diminished. This could have

occurred due to toxicity of the hydrocarbons to the vibrio-like organisms or

due to an alteration in the successional process.

Denitrification - Potential Activities

Several recent studies have examined denitrification in coastal marine

sediments. Koike and Hattori (1978a, 1978b) examined denitrification  and

ammonia formation in coastal sediments. They reported rates of nitrogen gas

production in sediments surface layers of about 10-2 g-atom of N2/g per h

irrespective of location (three sediments from Japanese bays were used inthese

studies). Oren and Blackburn (1979) reported denitrification rates of sediment

cores from Danish fjords of 12.5 nmol of N2-N/ml  per day for 1 to 3 cm.

Sdrensen (1978), using the acetylene inhibition technique, reported a maximum
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rate of denitrification in coastal marine sediment of 35 nmol of N/ml of

sediment per day at 2.5*C with peak denitrification rates occurring at 2 to 3

cm. S~rensen (1978) found that the greatest rates of denitrification  occurred

near the surface sediment in the transitional zone from aerobic to anaerobic

conditions. Grundmanis  and Murray (1977) also found vitrification and

denitrification to be important in surface sediments and implicated

bioturbation as a major factor affecing the rates of these processes. Knowles

and Wishart (1977) found very low natural rates of nitrogen fixation in

sediments from Beaufort Sea (about 25 mg of N/mz peryr). At 5°C they

calculated rates of nitrogen fixation in unamended marine Arctic sediments as

0.1 tc 0.3 nmol of C2H4/g per day. Similar rates, 0.1 to 1.1 nmol of

C2H4/g per day, were reported by Maruyarna et al. (1974) for sediments from

Tokyo Bay that were incubated at 3“C.

Koike and Hattori (1978a) reported that the rate of denitrification is

proportional to nitrate concentrations in the range of O to 30 pg-atoms of N

per liter. They concluded that denitrification in Bering Sea sediments was

apparently controlled by the supply of nitrate and nitrite to the sediments

(Koike and Hattori, 1978a). In the present study there was a significant

correlation (a < 0.001) between rates of denitrification  in unamended sediments

and nitrate-nitrite concentrations, although the correlation coefficient r) was

only 0.6. In many cases the available nitrate in the interstitial water should

have been consumed within approximately 48 h. In some cases more N20 was

produced than the available N03- measured. The reasons for this phenomenon

are unknown; it is possible, but unlikely, that in some of these cases

vitrification was not totally blocked. Vitrification, which was not measured

in the present study, undoubtedly plays a critical link in the nitrogen cycle

in these sediments by controlling the rates at which nitrate becomes available
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for denitrification. The acetylene blockage of N20 reduction has been

reported also to block vitrification (Bremner and Blackmer, 1979); no tests of

the efficiency of vitrification blockage, though, were made in the present

study.

Some interesting comparisons of the rates of nitrogen fixation and

denitrification within localized areas are shown in Table 44. In upper Cook

Inlet, which has very coarse sediments, unamended rates of nitrogen fixation

and denitrification were balanced but extremely low. In Shelikof Strait, just

below Cook Inlet, rates of both denitrification and nitrogen fixation were

higher and of equal magnitude. In contrast, in both Norton Sound and Ktmishak

Bay rates of denitrification were significantly higher than rates of nitrogen

fixation. In these latter regions, the sediments represent a sink for fixed

forms of nitrogen which enter from terrestrial and river runoff. Significant

seasonal differences were found in the relative rates of denitrification and

nitrogen fixation in Elson Lagoon. During winter, measured rates of nitrogen

fixation were equal to rates of denitrification, but during spring and summer

rates of nitrogen fixation were significantly higher than rates of

denitrification.

The present study adds a significant amount of data on the potential rates

of nitrogen fixation and denitrification in Alaskan continental shelf

sediments. Koike and Iiattori  (1978c) previously measured a rate of

denitrification of 1.2 rig-atoms of N/g of dry sediment per h in surface

sediments of the southern Bering Sea. They estimated the loss of combined

nitrogen by denitrification to be 5 X 1011 g of N/yr over the entire shelf

region, assuming a uniform rate of denitrification over the Bering Sea shelf

and that denitrification occurred only to a depth of 2 cm an donly on one-half

of the shelf. In the current study, the rate of denitrification at sites
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Table 44. Comparison of mean rates of nitrogen fixation and
denitrification in sediments from different regions of the Alaskan
continental shelf

Region N2 fixation (pg-atoms Denitrification  (pg-atoms

N2-N/m
2 per h) N20-N/m2 per h)

Upper Cook Inlet 0.3 0.1

Kamishak Bay 1.0 25.6

Shelikof Strait 2.4 2.1

Norton Sound 0.8 4.3

Elson Lagoon
Winter 0.4 0.3
Spring 4.6 <0.1
Summer 2.1 <0.1

*Nitrogen flxtation data courtesy R. Griffiths and R. Morita



comparable to those examined by Koike and Hattori (1978c) averaged 0.9 rig-atoms

of N/g of dry sediment per h. Our data were within the range reported in the

study by Koike and Hattori (1978c). Assuming that denitrification  occurs in

the entire Bering Sea shelf, we would estimate, based on unamended

denitrification  activity measurements, gross losses of 2.2 X 1012 g of N/yr

from the Bering Sea. Similarly, we calculate gross rates of nitrogen fixation

of 0.4 x 1012 g of N/yr per Bering Sea shelf. The net loss of fixed forms of

nitrogen from the Bering Sea sediments, thus, is estimated as 1.8 X 1012

gly~. In these calculations we assume that the conversion factor of 0.33 from

ethylene to nitrogen is correct for this region, that rates of N20 production

in unamended sediment slurries determined by the acetylene blockage assay

approximate “natural” rates of denitrification, and that there is a 5-cm

activie depth (105 g [dry weight] of sediment/m2). No measurements were

15made in situ or with N to confirm the validity of these assumptions. In

situ variations in temperature and oxygen concentration will affect rates of

nitrcgen fixation and denitrification , and therefore caution should be used

extrapolating annual global scale fluxes from these measurements.

OIL BIODEGRADATION

Beaufort Sea

This study clearly indicates that weathering of oil in Beaufort Sea

sediments will be a slow process. Microbial

hydrocarbons occurred in contaminated Arctic

significant exposure periods; evidence for b

in

degradation of petroleum

sediments but only after

ological modification of petro’eum

in experimentally oil contaminated Beaufort Sea sediment was not observed until

after a yesr.

Several factors probably contributed to the slow rate of microbial

weathering. The hydrocarbon-degrading microbial population did not increase

427



rapidly following addition of oil to the sediments. Only after8 months of

exposure were there sufficient numbers of hydrocarbon utilizers to establish a

significant response within the microbial community to the presence of the oil.

The initial lack of response of the microbial community could not have been

entirely due to the low temperature. The hydrocarbon utilizing microorganisms

were psychrotrophic or psychrophilic; such microorganisms are capable of active

growth and metabolism at temperatures below O“C (Traxler, 1973; ZoBell, 1973;

Robertson et al., 1973; Morita, 1975). Also Prudhoe Bay crude oil has not been——

shown to contain a toxic fraction which is inhibitory to microbial hydrocarbon

biodegradation at low temperatures (Atlas, 1975). The nitrogen and phosphorus

concnetrations  were adequate to support only limited hydrocarbon

biodegradation; optimal rates of hydrocarbon biodegradation typically occur at

C:N and C:P ratios of 10:1 and 30:1 (Atlas and Bartha, 1972) which would have

required several orders of magnitude higher concentrations of N and P;

concentrations of available N and P which were actually measured, were below

those needed to support maximal rates of biodegradation of the hydrocarbons

added to the sediments. Oxygen availability also may have been a rate limiting

factor. Gibbs and Davis (1976) have shown that 02 and N are limiting factors

in fine grained sediment columns. The sediments in Elson Lagoon are very fine

grained (silty-clay). Rates of exchange of nutrients and oxygen between the

interstitial water of the sediment and the overlying water column are likely to

be quite low in such sediments. It is likely that all of the above factors

contributed to the limited rates of oil biodegradation. The fact that the

inorgariic N and P concentrations remained relatively constant in the

interstitial water during the experimental period indicates that these

inorganic nutrients were not being rapidly utilized during oil degradation;

otherwise the concentration of N and P in the interstitial water would have



declined with time. We speculate that the concentrations of inorganic N and P

in the interstitial water were below the threshold concentrations needed to

support rapid microbial utilization of hydrocarbons or that hydrocarbon

biodegradation was blocked by some other factor. Alternative~y> hydrocarbon

degradation could have been proceeding slowly throughout the experimental

period, but the population of hydrocarbon degraders was low enough that

chemical changes in the oil were not observed; the delay of observable changes

in C17/pristane  ratios would be due to the length of time needed to develop a

relatively large degrading population and for that population to utilize enough

oil to be detectable by current analytical techniques.

Not only was biodegradation limited but abiotic weathering also was

restricted. Low molecular weight aliphatic and aromatic compounds, which

normally are rapidly lost from surface oil slicks by evaporation and

dissolution, remained as a significant feature of the residual hydrocarbon

mixture for over one year. Oil which becomes entrained in Arctic sediments

without significant surface weathering, thus, would retain toxic low molecular

weight aromatic hydrocarbons for prolonged periods of time. This would retard

ecological recovery of

of buried oil transfer

several ways. Loss of

benthic Arctic sediments which become oiled by ruptures

pipelines. Weathering of the oil was atypical in

low molecular weight compounds (aromatics such as

naphthalene and aliphatics through ~-C14) was not the first event resulting

inmajor modification of the hydrocarbon mixture. Aliphatic hydrocarbons were

not preferentially degraded over aromatic hydrocarbons; aromatic compounds were

lost at rates comparable to those for aliphatic

preferential biodegradation of ~-alkanes~nC17

were significant deviations from the normal oil

compounds. There was

over alkanes ~ nC~8. These

weathering process.
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An important feature of the oil weathering process was the patchy oil

distribution. The appearance of isolated pockets of crude oil within the

sediment would reduce the surface area/volume ratio of the oil exposed to

microbiological weathering. Our original sediment-oil mixture had a uniform

distribution of oil throughout the sediment. Accumulation of the oil in

pockets reduced the interracial surface area of the oil available for microbial

degradation of the petroleum hydrocarbons. The mechanisms by which oil in

sediments would gather into small pools may be due to differential volubility.

The implication of this observation is that accidentally spilled oil would tend

to gather into small pools and prolong the time for recovery of the ecosystem

from oil contamination. A patchy distribution of hydrocarbons was a

characteristic of Chedabucto Bay sediments following weathering of oil spilled

by the tanker Arrow; degradation of oil in Chedabucto Bay was particularly slow

in low wave energy environments (Rashid, 1974). This may have been due to a

lack of resupply of oxygen and nutrients needed to support microbial

hydrocarbon biodegradation. In polar seas, such as the Beaufort Sea, ice

dampens wave action contributing to the limitation of nutrient and oxygen

resupply to the sediments.

The losses of hydrocarbons from Beaufort Sea sediments, from both abiotic

and biotic weathering, (based on our in situ exposure experiments) are——

estimated at a rate of about 0.2 mg oil degrading/g dry wt sediment/y. This

value is calculated as the difference in the mean values of the resolvable

hydrocarbons at the start and end of the experiment divided by the total time

of the experimental exposure. At the observed rate of degradation it will take

many years to remove hydrocarbons from heavily oiled Arctic sediments by

natural wethering processes. This prediction is supported by actual

observations of oil, from several accidental spills, weathering in cold
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sediments. Colwell et al. (1978) found that biodegradation of oil spilled near.—

the Straits of Magellan  by the tanker Metula was slow with marked persistence 2

years after the spill. Mayo et al. (1978) found that petroleum residues, from——

a pipeline spill as Searsport, Maine, weathered particularly slowly in the cold

anoxic fine grained sediments of the contaminated cove. It is likely that only

prevention of Arctic oil spills can preclude long term impact and persistence

of hydrocarbons in

Bering Sea

The extremely

benthic sediments of the Beaufort Sea.

low rates of petroleum biodegradation observed in the Bering

Sea are somewhat surprising. Previous studies have indicated slow, but

significantly higher rates of hydrocarbon degradation in other regions of the

Alaskan Continental Shelf including in more northerly regions of the Beaufort

Sea as well as in the more southerly Cook Inlet (Haines  and Atlas, 1982; Roubal

and Atlas, 1978; Atlas, 1975; Horowitz and Atlas, 1978; Bunch and Harland,

1976). Although studies were not p~rformed to determine if degradation rates

would have been higher at warmer temperatures (the temperatures used

approximated those found during warm periods in the Bering Sea), temperature

alone cannot account for the low rates of hydrocarbon biodegradation. Studies

conducted in the English Channel and North Sea, at temperatures comparable to

those of the Bering Sea, have demonstrated rapid increases in oil degrading

microbial populations in reponse to the introduction of petroleum hydrocarbons

into the environment and rather rapid rates of hydrocarbon biodegradation at

temperatures below 10”C (Aminot, 1981; Atlas et al., 1981; Colwell et al.,.— ——

1978; Oppenheimer et al., 1977). For example, following the Amoco Cadiz spill

extensive biodegradation occurred in the water column, as evidenced by a

depletion of nitrate and dissolved oxygen (Aminot 1981). Hydrocarbon degrading

populations in intertidal sediments impacted by the Amoco Cadiz spill were
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several orders of magnitude higher than at comparable unoiled control sites

(Atlas et al., 1981). As with temperature, concentrations of available

nutrients alone cannot explain the lack of biodegradation in the Bering Sea

samples. Mean available inorganic nitrogen concentrations in Bering Sea

sediments in the study area were 0.01 mM nitrate and 0.5 mN ammonium; in

surface water samples concentrations of inorganic nirtrogen concentrations were

0.2 pM

to lim

1976),

ammonium and 4 pM nitrate. Low nutrient concentrations have been found

t petroleum biodegradation in marine environments (Gibbs and Davis,

but in the present study the addition of nutrients to replicate samples

did not enhance the rate of petroleum biodegradation; the model flow-through

experiment had added nitrate and phosphate, but there no increase in the rate

of hydrocarbon biodegradation was observed over several weeks compared to

unsupplemented sediments.

The most likely explanation for the overall lack of observed petroleum

biodegradation in the Bering Sea is the lack of previous exposure to petroleum

pollutants, and thus, the limited numbers of indigenous microorganisms that are

adapted to hydrocarbon utilization. In areas of the world’s oceans where there

has been extensive prior exposure to petroleum hydrocarbons, such as along the

shipping lanes of the English Channel, sizeable competent microbial populations

have developed that are capable of rapidly responding to the introduction of

petroleum pollutants. In contrast, the Bering Sea is relatively pristine and a

much longer period of time is required following an oil spillage to establish

significant populations of hydrocarbon degraders and rapid rates of hydrocarbon

biodegradation. Extensive studies in the Bering Sea, especially in the Norton

Sound region around a reported gas seepage, failed to show any detectable

petroleum hydrocarbons (Atlas et al., 1983)..—



As a consequence of the slow rates of hydrocarbon biodegradation it is

likely that hydrocarbons introduced into the Bering Sea will have sufficient

residence times to be transported to intertidal or benthic sediments. For

modelling  and trajectory purposes the rates of hydrocarbon biodegradation for

petroleum hydrocarbons in most regions of the Bering Sea must be considered

zero. Consequently, the potential for long distance transport of petroleum

pollutants in this region is serious and even offshore major oil spillages

could easily lead to the disruption of the delicate ecological balance of many

of the coastal communities in this region. The introduction and probable long

term persistence of oil into the Bering Sea as a result of offshore oil and gas

development also is of potential serious concern because of the extensive

commercial fish and shellfish industries in the southern Bering Sea, Long term

disruption of coastal ecosystems has occurred at some oil spill sites,

particularly when the oil is entrapped within embayments, such as in the

extensively studied spillages at West Falmouth (Sanders, et al., 1980). The——

lack. of rapid biodegradative  processes in the Bering Sea increases the

probability of hydrocarbon tainting of fish and shellfish following accidental

oil spillages into these northerly marine ecosystems. Clearly great care must

be taken in the development of offhore oil resources in this region to prevent

serious environmental perturbation.
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xx Conclusions

Bacterial communities in proposed Alaskan OCS regions are taxonomically

and physiologically diverse. The bacterial populations are not dominated by

pseudomonades as in some subpolar regions of the Pacific ocean; rather Vibrio

and various other genera of gram negative bacteria are most common in Alaskan

OCS regions. Many of the bacteria isolated in this study do not appear to be

identical with previously described species. The bacterial population levels

are typical of unpolluted pristine continental shelf regions.

The bacterial populations in these regions perform biochemical

transformations that are important to the overall ecological functioning of the

system. Seasonal changes in the composition of the bacterial community reflect

changes in the flow of carbon through the food web, e.g., whether the system is

phytoplankton driven or supported by a detrital food web. The denitrifying and

nitrogen fixing activities of sediment bacteria regulate the availability of

fixed forms of nitrogen, thereby controlling productivity.

The composition of the community changes in response to ecological stress.

The introduction of petroleum hydrocarbons or other organic pollutants into

these systems will alter the composition and functioning of the bacterial

community. For example, the introduction of hydrocarbons into sediment alters

the denitrification potential and thus the productivity capacity of the

ecosystem. Of serious concern is the introduction of pathogenic bacteria in

sewage associated with increased human activities resulting from oil

development. This study showed that pathogenic bacteria associated with sewage

can become associated with edible crabs; proper sewage treatment and preventing

contamination of valuable marine food resources is a necessary part of Alaskan

OCS oil and gas development.



Should petroleum hydrocarbons accidentally contaminate Alaskan OCS

regions, there are indigenous populations of hydrocarbon degrading bacteria.

These hydrocarbon degrading bacteria are present in low numbers, especially in

water. The oil-degrading capacity of these bacterial populations is not

sufficient to extensively degrade spilt oil before it impacts sediments and

coastlines. The rate of petroleum hydrocarbon degradation in Alaskan OCS

regions would be slow, and hydrocarbon pollutants resulting from OCS

development would persist for long periods. Eventually, though, most

hydrocarbon contaminants would be degraded by the hydrocarbon degrading

bacteria. During the recovery period the numbers of hydrocarbon degraders

would be elevated in the contaminated region, providing an indicator that can

be used in ecological monitoring.


